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PREFACE 


lliis book constitutes an outline of an elementary course in 
organic chemistry. Its seoi^e is limited to fiinciameiital prin- 
ciples and genera! reactions. The publishers have permitted 
frequent revisions and this policy has made it possible to keep 
the book in step with recent advances in the field of chemistry. 

The first main division is devoted, almost exclusively, to the 
aliphatic series of compounds; the second division deals with 
the aromatic series ; and the third part is a, review of the more 
important general oi'ganie reactions. 

An apology should he offered for including a description of 
benzene in the section devoted to aliphatic hyrirocarbons. An 
early acquaintance with cyclic structures is desirable, for ben- 
zene is used as a solvent from the beginning in the laboratory 
work and at least two of its derivatives, })enzeriesulfonyl chlo- 
ride and phenylhydrazine, are mentioned as useful reagents 
very early in the theoretical part of the course. It is not con- 
vsidered necessary to change the main ekis.si{icati(ms on account 
of brief discussions of cyclic compounds which have been incor- 
porated in the first, (diapter of t.he book. 

There are many rcfferences lo current literai, ure and to discus- 
sions ]>resente(l in Mu* following hooks: h'leytn’ and .Jacobson, 
Lehrbuch d(‘r orgaJiisehen Clieinie ; Riciner, Chemie tier 
Kohlenstoffvei'bind ungen ; Beilstein, Ilandbucli der organisclien 
Chemie; Sidgwick, Organic Chemistry of Xitrogen; Cohen, 
Organic Chemistry: Weyl, Die Methoden der organisehen 
Chemie; Pictet, The Vegetable Alkaloids; and klulliken, 
identification of Pure Organic Compounds. The list is given 
here not only as an acknowledgment of indebtedness to the 
authors but also for the purpose of directing the attention of 
the student to a very valuable group of reference books. 

C. W. PORTKR 
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THE CARBON COMPOUNDS 


INTRODUCTION 

The use of the terms organic and inorganic as applied to 
chemistry developed as a result of attempts to classify chemi- 
cal substances on the basis of origin. All compounds formed 
in the tissues of living organisms — plants and animals ■ — were 
called organic. Those found in the mineral kingdom were called 
inorganic compounds. The earlier chemists believed that it 
would never be possible to sjmthesize organic compounds except 
through the agency of life. It is still customaiy to attribute to 
vital forces many phenomena that cannot be reproduced by 
artificial means ; but the element of mystery is disappearing, 
and every year experimental methods are developed to make 
new inroads upon the domain of vital forces. Already hundreds 
of compounds that are tyincal products of living cells have 
been synthesized from inorganic sources in the apparatus of 
the laboratory. They have been built up through applications 
of the general laws of physics and chemistry, without the in- 
tervention of mysterious forces. The majority of these com- 
pounds contain carbon, and, owing to certain peculiarities of 
carbon recognized only within the last century, the study of 
these compounds seemed hopeless to the earlier investigators. 
We now define organic chemistry as the chemistry of carbon 
compounds. 

Approximately 300,000 compounds of carbon are known. 
The vast majority of these contain carbon with one or more 
of the following elements: hydrogen, oxygen, nitrogen, sul- 
fur, chlorine, bromine, iodine, phosphorus. 

Analytical methods. The practical methods used to purify 
and Identify these substances, as well as the methods of analysis, 
are explained in detail in the laboratory manual* The prin- 
ciples underlying the analytical procedures are ver^’’ simple, 

* Porter, Stewart, and Branch, The Methods of Organic Chemistry. Ginn and 
Company. 
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but it requires very great skill in tbe manipulation of apiia 
ratus to secure accurate results. 

Carbon and hydrogen are determined by oxidizing ilie sarri' 
pie with hot copper oxide. The hydrogen coiuaintil in Uu 
sample is converted quantitatively into wafer, whitdi l< ab- 
sorbed by calcium chloride or sulfuric add. and \v(=igheof 
The carbon of the sample is simultaneously converted intr, 
carbon dioxide, which is absorbed by potas.sium hydroxide 
solution, and weighed. When an organic nirrogtjn eMmii h su n. I 
is decomposed by hot copper oxide, and the residiing ga:^e.-; 
are passed over hot metallic copper, nitrogen escape.-', in tiie 
free state. The gas is collected, freed from carbon <{ioxide bv 
means of sodium hydroxide, and finally measured in a ca's 
burette over water or mercury. A qualitative test for nitrogen 
is made by heating the compound with sodium and testing the 
product for cyanide ion. An aqueous extract of the fused mass 
IS treated mth ferrous and ferric sulfa^^^^^ then acidified. A 
blue precipitate of ferrous-ferric cyanide reveals the presence 
of nitrogen. The reactions may be represented as follows : 

Carbon-nitrogen compound -f Na — > NaCN, 

.:.6;Ch?~,+Pe^^ 

4 Fe+++ -f 3 Pe(GN)fr~-~~ 


A substance to be analyzed for sulfur is oxidized bv con- 
centrated nitric acid at 300“ C. in a sealed tube. The’sulfui 
IS converted into sulfuric acid. Barium chloride is added, ami 
the su fur IS estimated from the weight of barium .sulfate 
precipitated. In the same way phosphorus is convened inlo 
phosphoric acid, then estimated by the usual inoriranic proee-. 
dure. Halogen compounds are heated in sealed lubes with fum- 
ing nitric^acid and solid silver nitrate. The silver halide formed 
and weighed. A combustion method for analvzin^^ 
_ alogen compounds has been developed by Reid. The halo^mn 
IS absorbed by a mixture of powdered silver and silver oxirte 

or nromSl The compounds are classified as alipkcKk 
or aromahe. ^ The division referred to as aliphatic comprises the 

Sen chlVor Tows are linked together in 

fets faSXe 'TS TW f the 

iats(a^...^.p, fat )-Thefatenoweonstituteonlyaminorgroup 

* Reid, J. Ajti. Chem, Soe., 34, 1033 (1912). 
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in the aliphatic division. The term aromatic was originally ap- 
plied to compounds characterized by agreeable aromas. Almond 
oil, cimiamon, and vanilla were among the natural products 
originally classified as aromatic. Most of the compounds that 
were grouped together on the basis of odor are derivatives of 
benzene, and now, without reference to odor, all derivatives of 
benzene are said to belong to the aromatic series. In benzene 
and ill each of its homologues there is a closed chain or ring of 
carbon atoms. The members of the aromatic series, therefore, 
are often referred to as cyclic compounds. 

Homology. The study of organic chemistry is simplified by 
the fact that its thousands of compounds fall into a compara- 
tively few groups or classes. The individual members in a class 
have certain properties in common. In many cases the com- 
pounds constituting a class are so related that, when arranged 
in the order of their molecular weights, there is a constant dif- 
ference in composition between successive members. Such a 
group of compounds constitutes a homologous series. We 
have, for example, the hydrocarbons methane, CHi ; ethane, 
CT'Ho ; and propane, CaHs. The difference in composition be- 
tween successive members is CH2. Corresponding to this dif- 
ference in composition and molecular weight, there is a gradual 
change in properties such as density, solubility, and capacity to 
act with certain reagents. From the characteristics of a few of 
the lower, intermediate, and higher members of a homologous 
series we learn the trend in physical and chemical properties as 
applied to the group. We can then predict, with fair precision, 
the properties of any individual compound in the series. 

Isomerism. Compounds having the same elementary compo- 
sition and the same molecular weight, yet differing in chemical 
and physical properties, are known as fsomers. Since isomers 
have the same empirical formula, the differences in properties 
must be due to different orientations of the atoms within the 
molecules. Ethyl alcohol and methyl ether have the formula 
The arrangements of the atoms in the two molecules 
are represented by the structural formulas CH3 — CH2OH and 

CH3 0 — CHjj. In the alcohol the two carbon atoms are held 

together by a direct valence bond. In the ether an oxygen atom 
intervenes between the carbon atoms. In the alcohol there is 
a hydroxyl group. In the ether there is no hydrogen atom 
attached to oxygen. These structural details account for the 
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chemical and physical properties of the two compounds. Two 
hydrocarbons having the same empirical formula, (XiHio, are 
represented by the following graphic or structural formulas: 

CHs—CHa— CH 2 — CHs and \cH— CH3. 

ch/ 

There are other types of structural differences that give rise 
to isomerism. Asymmetric molecules, as much alike as an ob- 
ject is like its own mirror image, are not identical in properties. 
Such pairs of compounds have similar groups attached to cor- 
responding atoms in the molecules, but the positions of these 
groups in space are not identical. The molecules constituting 
the pair are different in the same sense that the right and left 
hands are different. These are known as space isomers or stereo- 
isomers. Changes in the positions of atoms or groups with 
respect to a double bond or a triple bond may give rise to 
isomers. Any variation in the arrangement of the atoms in 
a molecule imparts new properties to the compound. Many 
examples will be considered in detail later. 

Valence. As early as 1804 John Dalton reached the conclusion 
that molecules of compounds are formed through the union of 
indivisible units which he called atoms. On the basis of this 
assumption it was possible to account for the law of definite 
proportions and the law of multiple proportions. Fifty years 
later Frankland* observed that each atom has a saturation 
capacity, now called valence, which can be measured in terms 
of the number of atoms of other elements with which it will 
combine. He was able to formulate a useful rule of valence 
which could be applied in most cases as an aid in writing the 
formulas of new compounds. Hydrogen was adopted as the 
reference element with a valence of 1, for an atom of hydro- 
gen was not known to combine with more than one atom of 
any element. Since one atom of oxygen combines with two of 
hydrogen, the valence of oxygen was said to be 2. The physical 
interpretation of valence, in Frankland^s time, involyed the 
assumption of a definite number of points on the surface of each 
atom admitting of mechanical attachment to corresponding 
points on other atoms. From the formulas GH 4 , G02, and 
CGU, carbon was assigned a valence of 4. The maximum 

♦Frankland, Phil. Trans., 142, 417 (1852). 
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capacity of an atom to combine with other atoms is not always 
reached In compoimcl formation. In carbon monoxide, for ex- 
ample, the valence of carbon is 2. The valence of an atom is a 
measure of the number of chemical bonds that tie it to other 
atoms. This Is the original meaning of valence and it is still a 
satisfactory definition of the term. 

It has become customary in inorganic chemistry to assign 
a positive or a negative sign to the number representing the 
valence of an atom or of a radical. In the compound BaCD the 
barium atom is said to have a valence of -j- 2 and each chlorine 
atom a valence of — 1. The sign of the charge is determined 
by the direction of migration of the corresponding ion when 
conducting a current of electricity, and its numerical value is 
determined by the quantity of electricity that it transports. 
The number of charges carried by an ion is numerically equal 
to the valence of the atom or radical constituting the ion, but 
we should make a distinction between the valence of barium, 
which is 2, and the charge carried by the barium ion, which is 
+ 2. The latter is appropriately called the polar number of 
barium. The charge on the sulfate ion, S 04 """, is — 2 and the 
same is true of the sulfite ion, SOs'". The valence of either 
of these radicals is 2 and the polar number of each ion is — 2. 
When we speak of the valence of sulfur in the sulfate ion as 
+ 6 , and in the sulfite ion as 4 - 4 , we are using the term mlence 
to de.signate various states of oxidation. It is obvious that an 
old term is being overworked in an attempt to make it cover 
.several ]dienomena. 

In this course we shall use the term mlence in its original 
sense, and we shall emjjloy the term pohr number for the charge 
on an ion and for the h 3 q:)othetical charge on an atom in an 
imdissoeiated molecule. 14ie valence of carbon in CH 2 CI 2 is 4. 
We may think of the polar number of caibon in this compound 
as 0 ; but since this compound does not ionize, the polar number 
assigned to the carbon atom is fictitious. 

In balancing oxidation and reduction equations, however, 
it is often advantageous to assign polar numbers to represent 
the various states of oxidation in which carbon atoms exist. 
Acetaldehj-'de, C 2 H.iO, is oxidized to acetic acid, C 2 H 4 O 2 , by 
an acid .solution of a permanganate. Assigning to each hydro- 
gen atom a })()]ar number of + 1 and to each oxygen atom — 2 , 
we find it necessary to assign a charge of — 2 to the two carbon 
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atoms in acetaldehyde in order to represent the molecule a?; 
electrically neutral. Similarly, we must assign a /-ero eharyo 
to the two carbon atoms in acetic add in t>rder lu rei'ireseni, 
this molecule as an electrically neutral sul)stance. We nray 
think of the oxidation and reduction as the withdrawal ei ivvn 
electrons from the carbon atoms in each aeeialdeliyde iriole- 
cule and the acquisition of five electrons by each mangaiiese 
atom. The polar number of manganese changes from i- 7 in. 
Mn04" to +2 in Mn+’W The bj’pothetieal ijolur number of 
carbon changes from — 1 in acetaldehyde to 0 in acede acid,. 
The equation for the reaction is balanced as follows ; 

C2H4O + MnO. - -j- H2O + iln " ■ + CdH d.),.. 

} I Gain of 5 fileetrons I I 


We must use two moles of permanganate ion and five of acetal- 
dehyde to provide for the exchange of electrons between carbon 
and manganese. 

5 C2H4O -f 2 Mn 04 - + H+ H2O 4- 2 Mn- - + 5 C-disO,. 


To balance the electrical charges (and also the atoms of oxy- 
gen and hydrogen), the complete equation becomes 

5 C 2 H 4 O + 2 Mn 04 - + 6 H+ 

3 H 2 O -I- 2 Mn+ + -b 5 ( '21! ,()c. 

Nitrobenzene, C6H5NO2, is reduced, to aniline, GiH.^NHus liV 
treatment with iron and hydrochloric acid. The group ( 711 .-, 
remains unchanged. In order to estimate the charge on the 
nitrogen atom we may assign to the group CMr> a polar num- 
ber of d - 1 in each of the compounds containing this group, 01 
we may neglect the group entirely, since it appears in tiie same 
form on both sides of the equation. Using the value of -f - 1 for 
the CeHs group, - 2 for oxygen, and 0 for metallic iron, we 
may represent the electronic changes as follows ; 


Fe + C6H5NO2 + H''' — y C6H5NH2 + Pe'^'^ -f H2O. 

[+ 3 to — 3 (a gain of 6 electrons)} 

Oto + 2 (a loss of 2 electrons) 


We must use six atoms of iron to reduce two molecules of nitro- 
benzene or three atoms of iron to reduce one of nitrobenzene t 


3 Fe H- C6H5NO2 + H+ — J- C6H5NH2 + 3 Fe^' + -f H2O. 
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To balance the electrical charges we must use six hydrogen ions. 
The completed equation becomes 

3 Fe + CfiHsNOa + 6 H+ GgHsNHo + 3 Fe+-'- + 2 H 2 O. 

If some molecules of a reagent are oxidized and other mole- 
cules of the same compound are reduced, the equation may be 
balanced in the same way. Let us consider a reaction between 
formaldehyde and ammonia. When the mixture is heated in an 
autoclave, the products formed are trimethylamine, (CHalsN, 
water, and carbon dioxide 

L CHaO + NITr---^ (CHsIsN + COs + HsO. ■ 



The reduction of formaldehyde to trimethylamine involves a 
gain of two electrons for each carbon atom ; and since there are 
three carbon, atoms in the product formed, six electrons must 
be provided. The oxidation of formaldehyde to carbon dioxide 
involves a loss of four electrons. Therefore trimethylamine 
and carbon dioxide molecules must be produced in the ratio of 
4 to 6, or 2 to 3. Expressing this ratio in the smallest possible 
whole numbers, we have 

CH.jO + Nlh 2 (GHslsN + 3 CO^ -f- H^O. 

To obtain nine carbon atoms and two nitrogen atoms, as now 
indicated, in the products of the reaction, we must use nine 
molecules of formaldehyde and two of ammonia : 

9 GH 2 O + 2 NHc 2 (CHalaN + 3 CO 2 + 3 H-O. 

Oxidation and reduction equations may be balanced without 
reference to polar numbers by a device known as the method 
of half reactions. This system is familiar to all who are accus- 
tomed to writing equations for reactions occurring at the elec- 
trodes in electric cells. As an illustration let us consider the 
oxidation of alcohol to acetic acid by an acidic solution of 
potassium dichromate. One half of the reaction is the oxida- 
tion of alcohol molecules. The other half of the reaction is 
the reduction of dichroraate ions. W’e shall balance these half 
reactions separately. 


Using water as the source of the necessary oxygen, and as- 
suming that in the oxidation process alcohol and water are con- 
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verted into acetic acid and hydrogen ions, the reaction is 

CH 3 CH 2 OH + H 2 O CH 3 COOH + 4 + 4 e-, (1) 

To balance the positive charges-on the hydrogen ions we indiicha 
in the equation fonr electrons, er (four negative charges). 

Fourteen hydrogen ions are required to accomplish the con- 
version of Cr207"“ into Cr+^ “^ and H2O. 

Cr207"'- + 14 2 Cr ■ + + 7 H 2 O, 

So far as the elements are concerned this equation Is balanced 
in its present form, but the electrical charges are not balanced. 
We have an excess of twelve positive charges on the left side 
and only six positive charges on the right side of the arrow. 
We must adjust this difference by adding six electrons to the 
left-hand side of the equation, which becomes 

Cr 207 -- + 14H++:.6e-,.— >2Cr++;+ (2) 

The equation in this form indicates that the oxidizing capacity 
of the diehromate ion is six equivalents per mole. 

Before these half reactions (1) and (2) can be combined we 
must have as many electrons supplied by one reaction as are 
used by the other. We are using S c” in equation (2) and j.>ro- 
ducing 4e“ in equation (1). Multiplying equation (1) by 2 
and equation (2) by 2, we have 12 c™ in each half reaction, and 
these cancel out when the two half reactions are added. 

3GH3CH2OH d- 3 + 12 r-. (3) 

2 CraGy + 28 + 12 c- •— > 4 Gr+ + + + 14 I-b-G. (4j 

Adding equations (3) and (4) and canceling electrons, ions, 
and molecules so far as they occur on both sides of the arrow, 
we obtain a balanced equation (5) for the complete reaction. 

3 GH 3 GH 2 GH + 2 CraGy-'- + 16 H+ 

8 CH 3 GGOH + 4 Gr+ + + + 11 H 2 O. (5) 

Although this equation was derived from a consideration of 
hypothetical half reactions, it accurately represents the result 
of adding alcohol to an acidic solution of a diehromate. The 
chief merit of the half reaction system is that it requires no as- 
sumption concerning the distribution of charges in the reacting 
ions and molecules. It is based upon the number of electrons 
lost or gained and not upon the orientation of these electrons. 


ALIPHATIC COMPOUNDS 

HYDROCARBONS 

THE METHANE SERIES 

Compoimds composed of hydrogen and carbon only are 
known as hydrocarbons. Acetylene, ethylene, ethane, and ben- 
zene are well-known compounds of this tyiie. We shall consider 
first the saturated hydrocarbons of the aliphatic series. 

A compound is said to be saturated if it fails to form an addi- 
tion product when treated with a halogen or with a halogen 
acid. It is unsaturated if it forms an addition product with 
such a reagent. Ethylene, for example, reacts with chlorine, 
forming a compound which contains chlorine in addition to ail 
the carbon and hydrogen of the original ethylene molecule. 
This is a typical addUimi reaction, and ethylene is classified as 
an unsaturated hydrocarbon. On the other hand, when etliane 
reacts with chlorine, hydrogen atoms are removed from the 
ethane molecule and a chlorine atom takes the place of each 
hydrogen atom so removed. Such a process is called a substitii’- 
tion reaction. Ethane is said to be a saturated hydrocarbon. 
IJnsaturated as well as saturated compounds may, under; suit- 
able conditions, form substitution products, but only im- 
saturated compounds form stable addition products. 

Methane, CH4, commonly called marsh gas, is the first 
member of the saturated series of hydrocarbons, and the entire 
group is known as the methane series. The group is referred to 
also as the paraffin series or the saturated series. 

The first four members of the series are arbitrarily named 
methane, ethane, propane, and butane. The name of each 
higher member is derived from the Greek numeral correspond- 
ing to the number of carbon atoms in the molecule. It will be 
observed that the members of the series differ from each other 
in composition and molecular weight by CH2 or n times CHo. 
They correspond to the general formula C„H:>„+2. They con- 
stitute a homologous series, that is, a series of compounds 




Properties. The saturated hydrocarbons are inerl,, unre- 
active, and very stable. The first four members (Ci to C.}) 
are gases at ordinary temperatures and pressures. The next 
twelve members (C5 to Cio) are liquids, and those of still higher 
molecular weight are solids. The melting points and boiling 
points become higher as the molecular weights increase. The 
densities increase in the same order. They are all practically 
insoluble in water but completely miscible in each other. The 
gases are odorless; the liquids have odors resembling petro- 
leum, which is a mixture of all of them ; and the solids are 
nearly odorless. All are colorless when pure. The liquid mem- 
bers have a burning taste; the higher members are tasteless. 

The saturated hydrocarbons react readily with chlorine 
and with bromine, but they are attacked very slowly or not at 
all by other ordinary reagents of the laboratory. Potassium 

*The physical constants included in this table apply to the normal, or straight- 
chain, compounds, 

t At 1 5 mm, pressure. t m.p. = melting point. 


Name 

PORMOLA 

Meltino Poj 

Methane . . , . 

CH.1 

- 18-1° 

Ethane . . . . .' 

GaHa 

■—172° 

Propane ... . 

G.’iHs 

-189° 

Butane . . . .. . 

GHIio 

-13.5° 

Pentane . . . . 

GsHia 

- 131.0° 

Hexane . . . . 

C 0 H 14 

- 94.3° 

Heptane . ... 

CtHjb 

- 90° 

Octane . ... . 

GsHis 

-56.0° 

Nonane .... 

CflH2o 

-51° 

Decane 

CioHas 

-32° 

Undecane ... 

ChH2.1 

-26.5° 

Dodecane ... . 

C 12 H 2 B 

-12° 

Tetradecane . . 

C 14 H 30 

+ 5.5° 

Hexadecane . . . 

C 16 II 34 

20° 

Eicosane .... 

CsoHis 

88° 

Heneicosane . . 

CziHu 

40.4° 

Tricosane .... 

CaaH-is 

47.4° 

Hentriacontane . 

CjiiHei 

68.1° 

Hexacontane . . 

ConHiaa 

lor 


tui ‘J!t ' 


0.702 i'at 20 ' 


0.71 B (at 20') 


0.7 S7 ial ()-) 


0.7 1 S (at m.p, ) 
0.7TO {at m.p. ) 
0.7,^ 1 (at m.p.i 
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permanganate solution has no effect upon those of low molecu- 
lar weight, but it does decompose some of the higher members 
of the series. Concentrated sulfuric acid combines with the 
solid paraffins, forming sulfonic acids — - a hydrogen atom of 
the hydrocarbon being replaced by the SO3H groui>. Con- 
centrated nitric acid acts upon some of the hydrocarbons, re- 
placing a hydrogen atom by the NO2 group. They are not 
affected by sodium hydroxide nor by the free alkali metal. All 
hydrocarbons burn when heated with air or oxygen. If oxygen 
is present in abundance, the products of combustion are carbon 
dioxide and water. Heat alone decomposes the higher hydro- 
carbons, the products being saturated and unsatiirated hydro- 
carbons of lower molecular weight, and hydrogen. 

In direct sunlight a mixture of methane and chlorine explodes, 
with the formation of hydrogen chloride and the deposition of 
free carbon : ^ ^ ^ 

With bromine thi.s reaction does not occur; but fluorine and 
methane explode when mixed, even in the dark and at low 
temperatures. Iodine fails to react with any saturated hydro- 
carbon. In diffused light at low temperatures, and more 
rapidly as the temperature is raised or the intensit y of the light 
is increased, chlorine and bromine act ui)on the hydi'ocarbons, 
producing substitution products. The action of chlorine on 
methane is typical and may be represented by the following 
equations : 

CH.J + Ch ■— > CH3CI + HCi ; 


CH3CI + Ch 

CHaClo + Cio 
CHCI3 + CI2 


ohiorido 

■>-CH2Cl2 + HCi; 

Motliylone 

chloride 

CHCla + HCI ; 

Chloroform 

CCI.i + HCI. 

Carbon 

tetrachloride 


Mixed products are obtained when a halogen acts upon a 
saturated hydrocarbon, for all these reactions occur at the 
same time. The different possible reactions do not proceed at 
equal rates, and on this account direct substitution becomes a 
practical method for making some of the derivatives of methane 
and its homologues. 




Alcohols 


that can be obtained in good yield through the direct action of 
chlorine on methane. 

The homologues of methane react with chlorine and bromine 
in the same way, except that the reaction becomes slower witii 
increasing molecular weight, and in compounds containing metre 
than three carbon atoms it is not possible to remove all the 
hydrogen by direct substitution. 




derived from a saturated hydrocarbon by substituting for 
hydrogen another element or a group of elements. A relation- 
ship between various classes of compounds derived from the 
hydrocarbons may be seen in the following formulas : 


CH 3 OH 

C 2 H 5 OH 

C3H7OH 

CJIsn+iOH 


Alkyl Chlorides 


CH3CI 

CaHflCl 

C3H7CI 

C/iHan+iCl 


CHsCN , 
CaHsCN 
CiiHtCN 
C„H2„.hCN 


CH3COOH 
CallfiCOOH 
CsHrC’OOH 
C„lh-L < iCOOH 


The groups CH3, C2H5, and so on are found in all classes 
of aliphatic compounds. These univalent groups, derived from 
aliphatic hydrocarbons by the removal of one hydrogen atom, 
are called alkyl radimls. They do not exist independently. 
They occur only in combination with other elements or groups. 
An alkyl radical is named from the hydrocarbon having the 
same number of carbon atoms, the termination am being 
changed to yl Thus CH3 is methyl, C 2 H 5 ethyl, C3H7 propyl, 
C4H9 butyl, and so on. The letter R will be used as a symbol 
for any alkyl radical, and X will be written as a symbol for 
any halogen. It will be convenient at times to use general for- 
mulas representing classes of compounds instead of specific 
formulas representing individual members of a class. Thus the 
formula RI may be used for any alkyl radical combined with 
iodine, and RX is a general formula for any alkyl radical in 
combination with any halogen atom. 

Methane. CH-i is a colorless, odorless gas. It burns with 
a pale blue flame, forming carbon dioxide and water. Only 
5.4 cc. of the gas will dissolve in 100 cc. of water at 0®. Its 
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solubility in alcohol is 52.2 cc. per 100 cc. of the solvent. It 
forms an explosive mixture with air and has caused many 
disastrous explosions in coal mines, where it issues from the 
crevices in the coal seams. The miners call it fire-damp.’"’ 
Methane is a component of the gases escaping from petroleum 
and natural gas wells. It is formed wherever vegetable matter 
decays under water and it constitutes the chief component of 
marsh gas. It is produced in large quantities in the distillation 
of coal. The coal gas manufactured for heating and lighting 
purposes is from 30 to 40 per cent methane. Methane boils 
at — 161.4° and solidifies at — 184°. Its critical temperature is 
— 82° and its critical pressure 55 atmospheres. 

Preparation of methane. Methane may be obtained by the 
following methods: 

1. By distilling dry sodium acetate with soda lime (a mixture 
of sodium hydroxide and lime) : 

CHsCOONa 4- NaOH — 5 - CH 4 + NasCOs. 

2. By the action of water on methyl magnesium iodide : 

CHsMgl + HOH CH 4 + MglOH. 

3. By heating to 300° C, a mixture of carbon monoxide or 
carbon dioxide and hydrogen in the presence of finely divided 

nickel: CO + 3 H. — s- CH^ 4- H 2 O ; 

CO 2 + 4 H 2 — GHi + 2 H 2 O. 

4. By the action of water on aluminum carbide : 

AliCa -f- 12 H 2 O — > 3 CH .1 + 4 Al(OH)a. 

General methods for preparing hydrocarbons. The first and 
second methods listed for the preparation of methane are ap- 
plications of general reactions. 

1, The sodium salt of an acid when distilled with soda lime 
yields a hydrocarbon with one less carbon atom than was 
present in the acid. Sodium acetate, CHsCOONa, was used to 
make methane. To prepare ethane by this method a Ksalt of 
propionic acid, C 2 H 5 COOH, must be used : 

CoHsCOONa -f- NaOH — j- GoIR-. + Na 2 C 03 . 

The method applies to the formation of all the gaseous and 
liquid hydrocarbons of the saturated series. 
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2. An alkyl magnesium halide on hydrolysis yiihh- h^'firo- 
carbon. The reagent is prepared by dissolving nK-tailic rna^f" 
nesium in an ether solution of an alkyl ehloridv. hronndo., or 
iodide. To prepare propane by this method ])ro]>yl inagnesiuni 
halide is employed. The reaction with propyl bromide is n?] re- 
sented by the equation 

C3H7Br + Mg:-~~>-,C3H7.MgBr. 

The hydrolysis of this product is accomplished by treatment 
with cold water : 

CsHyMgBr + HOH CsHs -f AlgOHBr. 

8. A method devised by Wurtz for building up ihe higher 
members from those of lower molecular weight consists in re- 
moving halogen atoms from alkyl halides by means of mu- or 
sodium. The metallic halide is formed and the alkyl radicals 
unite to form hydrocarbons. For example, chlorine i.s removed 
from methylchlorideand the methyl groups combine in pairs to 
form ethane: • 

...CHaCI ■ CH3 . 

_l_ 2 Na 2 NaCl + | 

CH3CI CH3 

A mixture of ethyl chloride and methyl chloride with sodium 
yields the next higher member, propane : 


C2H6CI 

CH3CI 


+ 2 Na 2 NaCI + 


CH3 


In this case ethane is produced at the same time from pairs 
of methyl groups, and butane from the union of ethyl radicals. 
The mixed gases are not easily separated and the method is not 
a practical one on that account. It is, however, a reaction of 
great theoretical interest, for it establishes a genetic relation- 
ship between the different hydrocarbons. 

Structure and isomerism. Compounds having the same com- 
position and the same molecular weight, but differing in prop- 
erties, are called isomers. The structure theory accounts for 
the existence of isomers. 

The structure theory is based upon the belief that the four 
valences of carbon are equal and that these valences are exer- 
cised at points corresponding to the apexes of a tetrahedron. 
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In methane, therefore, the four hydrogen atoms are symmetri- 
cally placed with reference to the cai'boii atom as shown below. 



The small circles in formula 11 represent chemical bonds as 
pairs of shared electrons. We ordinarily write structural foi'- 
mulas in forms corresponding to II or III, but such formulas 
are merely projections, on a plane surface, of three-dimensional 
forms corresponding to type I. 

Ethane is derived from methane by the replacement of one 
of the four similarly placed hydrogen atoms by CH3. It makes 
no difference which hydrogen is replaced ; only one structure 
is possible for the resulting compound, namely: 


H H 

[ I 

H— C-C-H 


H H 


This structural formula of ethane is a projection on one plane 
of a three-dimensional body, supposed to be made up of two 
tetraliedral carbon atoms attached at one apex of each and 
holding one hydrogen atom at each of the other six points. 
Obviously, the six hydrogen atoms in ethane are similarly 
pjlaced. Each bears the same relation to the molecule as does 
any other. Substituting a methyl group for one of the hydrogen 
atoms in ethane results in the formation of propane : 


H H H 

{ ! I 

or 

1 ! i 

H H H 


CH3— GH2-CH3. 


The same process of substitution applied to propane yields 
butane, but the hydrogen atoms in propane are not all in 
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similar positions. Six . of them are in like positions on termi- 
nal carbon atoms. Two of them occupy like positions (but 
different from the other ^ six) on the central carbo,ii atom. 
Substituting CHg for one* of the terminal hydrogen atoms in 
CH3~-CH2— CHs produces a butane, C.1H10, luwing the struc- 
ture CHs— CH2— CH2— CH3. Replacing one of the central 
hydrogen atoms by CH3 would yield a molecule, C iHiu, having 
the structure r^rr nti r^xz 


According to the structure theory, then, there should be two 
different compounds ha^dng the formula G-iHio. Two butanes 
are actually known. Normal butane, the compound having a 
straight chain of carbon atoms, boils at 0.6® C., and isobutane, 
thebranciied-chaincompound,boilsat—10.2®C. 

AH possible structures for the pentanes may be derived in 
the same way from the butanes : 

Butanes Pentanes 


Apparently there should be four pentanes, but close inspection 
reveals the fact that formulas (2) and (3) are identical stric- 
tures. The number is therefore reduced to three. Three, and 
only three, pentanes are known. They are liquids boiling at 
36.3°, 28°, and 9.5° C. respectively. 

The possible structures increase in number rapidly as the 
number of atoms in the molecule increases. There are five 
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hexanes, nine heptanes, eighteen octanes, thirty-five nonanes, 
seventy-five decanes, and so on. Not all these possible struc- 
tures have been built up, for chemists have had more im- 
portant tasks to perform ,* but the methods for s:^mthesizing 
a compound of any given structiue have been developed and 
could, no doubt, be applied in all these cases. 

Nomenclature. The existence of isomers renders inadequate 
the system of nomenclature that was outlined above (p. 9). 
The plan commonly employed is that of naming every paraf- 
fin hydrocarbon as a derivative of methane. Just as CHsCl, 
CH 2 CI 2 , and CHCbBr would be called chloromethane, di- 
chloromethane, and bromodichloromethane, respectively, so 
the three pentanes, 


CHa- 

-CH 2 — CH.- 

-CHo— CHs 

(1) 

CHas 





>CH— CHs- 

0 

1 

(2) 

CH./ 

/ 


CH3\ 

CH./ 

^ /CHs 
><CH. 


(3) 


may be named (1) diethyl methane, (2) dimethylethyl methane, 
and (3) tetramethyl methane. The atoms marked * are the 
methane carbon atoms in the .stmctures corresponding to these 
names. Any carbon atom in the molecule may be chosen as 
representing the methane residue, and several dilferent names 
might be applied to the same compound. This causes no con- 
fusion, however, for, while a single compound might be known 
by different names, two different compounds cannot have the 
same name. If in each of the examples just given we select 
the next carbon atom to the right of the one marked * as being 
the methane carbon, the names become (1) methylpropyl 
methane, (2) methylisopropyl methane, and (3) tertiary butyl 
methane. The isomeric forms of the alkyl radicals are dis- 
tinguished by appropriate names. The propyl group, C3H7 — » 
may be 

CHa-CHo—CHs-- or 

CH;/ 

The first is normal propyl and the second isopropyl. 



18 


^ THE CARBON -COMPOUNDS - 
Tbe butyl radical, C 4 H 9 "— , niay have the structures 

CH3-CH2-CH2-CH2- 
CHa 




CH.,' 


/ 


,( 1 ) 




CHaV- 

CEAC— ... (.3), 

■ CH/^ 

The first is normaUbutyl^^(^^^ chaini. I'lie second is 
isobutyl (branching at the end of the cdiain as in iso|?]'(*|?y! , 
and the third is tertiary butyl. The carbon having the free 
valence in (3) is a tertiary carbon atom; that, is, ii is linL’ftl 
to three other carbon atoms. A carbon atom if linketi to two 
other carbon atoms is called secondary, and if aiiaebod to oni^’ 
one other is said to be a primary carbon atom. 

In the year 1892 an international congress of chemists assem- 
bled in Geneva to devise a uniform and scientific system of no- 
menclature for chemical compounds. According to the Geneva 
system a hydrocarbon is named as a derivative of tlic* normal 
compound corresponding to the longest continuoits chaifi of 
carbon atoms in the molecule. For example, tliei’e are iive 
carbon atoms in the longest continuous chain in the struct ure 

CH3— CHs-CH—CHo -CH, 

i 

CHa 

The compound is called 3-methyl-pentane. Ilte numeral 3 
placed before the name indicates that the methyl group is 
attached to the third carbon atom in the pentane chain. A 
compound having the structure 

CH3 

CH3-CH2-CH-CH2-C-CH2-CH.-CH3 
CH3 CH2-CH3 

is called S-methyl-S-methyl-S-ethyl-octane, The similar groups 
that are attached to the main chain of atoms may be listed 
together, making the name 3, 5-dimethyl-5-ethyboct,ane. In 
applying this system it is important to locate the Ic^ngest con- 
tinuous chain of carbon atoms. Adherence to this rule avoids 
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having a single compoimd listed in the- chemical literature under 
several names. The following compound, for example, should 
be named S-niethyl-d-ethyl-octane. 


CH2— CH3 CH2— CHa 


It should not be named 2, 5-diethyI-heptane, although this name 
describes the structure accurately and would be understood as 
referring to this particular compound. The Geneva system 
provides for the naming of complex structures of all kinds, but 
it is beyond the scope of this book to outline the plan in detail. 
The system is described in Beilstein’s "'Handbuch der orga- 
nischen Cliemie.” 

Petrolemn. The chief natural source of the paraffin hydro- 
carbons is petroleum. The crude oil usually contains nearly 
ail the members of the series from CH 4 to and limited 

quantities of those of higher molecular weights. Unsaturated 
hydrocarbons, together with small quantities of compounds 
containing oxygen, nitrogen, and sulfur, are present also. 

The origin of petroleum is unknown. Many theories have 
been advanced to account for the vast deposits, but no satis- 
factory explanation has yet been made. Mendel ejeff believed 
that the hydrocarbons were formed by the action of water on 
metallic carbides. His theory is unsatisfactory, for the composi- 
tion of petroleum from all sources should be quite uniform if 
formed in this way. No uniformity exists. Pennsylvania oil 
is composed almost entirely of paraffin hydrocarbons. Oils 
from California, Texas, Oklahoma, and Kansas contain anthra- 
cene, naphthalene, and other benzene derivatives in addition 
to paraffins. Russian oils are rich in naphthalene and its 
homologues. 

According to Engler petroleum was formed from the fat of 
animal tissues. This theory applies especially to oils which 
contain nitrogen and sulfur compounds. A similar theory, 
based on the nature of the nitrogen compounds found in pe- 
troleum, has been advanced by Mabery. 

Petroleum is classified as '^paraffin-bavse” oil if the solid 
residue is rich in hydrocarbons of the paraffin or methane 
series. It is known as an asphaltic-base” oil if in the heavier 
portions asphalt predominates. Asphalt is a black, solid, hetero- 
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geneous substance composed largely ol polymers of aromatic’ 
and aliphatic hydrocarbons and some of their oxidation prod- 
ucts. It usually contains sulfur and nitrogen comijoiinds. As- 
phalt is insoluble in water and in alcohol l)iit it dissolves 
readily in benzene, acetone, and carbon disulfide. Parafiin 
and asphalt may be separated by extraction of the former 
with alcohol. 

Crude petroleum varies in color from greenish red to black 
and varies in specific gravity from 0.76 to 0.08. By di.^^tilla- 
tion it is separated into several fractions. Casoline is a 
mixture of hydrocarbons boiling between 50” C. and 225" C. 
The United States government specifications for gasoline are 


as follows ; 

Distillation Tf.mi’Kkatt'jib 

First drop in the receiver Not over 55' 

20 % in the receiver Not over lOo'" 

50 % in the receiver Not over 1,40''' 

90 % in the receiver Not over 20CP 

Final boiling point Not over 225''’ 


The corresponding temperature range for kero.sene is approxi- 
mately 150° C. to 300° C. In actual practice the guvsoline range 
is determined by specific-gravity measurements and not by 
reference to boiling points. Lubricating oil, parafiin wax, and 
vaseline are mixtures of hydrocarbons of high molecular weight. 
They are obtained from petroleum. At high temperatures the 
higher hydrocarbons decompose with the production of paraf- 
fins and olefins of lower molecular weight. The production of 
low-boiling hydrocarbons from the higher-boiling fractions of 
petroleum is called a ''cracking'^ process. The manufacture 
of gasoline by thermal decomposition of higher-boiling frac- 
tions is an important commercial activity. Gasoline produced 
by the cracking process differs in some respects from that ob- 
tained in the ordinary distillation of crude oil. It is charac- 
terized by the presence of a higher percentage of unsaturated 
compounds. 

Shale. Ill many localities there are large deposits of soft 
brown or gray shale containing complex carbon compounds. 
At dull red heat the crushed rock yields its organic matter in 
the form of gaseous and liquid hydrocarbons, paraffin, and 
ammonia. The crude mixture of hydrocarbons is refined by 
distillation, as in the case of petroleum. Hydrocarbon oils are 
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Ethylene, C2H4, a gas with a faint, sweet odor, was named 



having the same number of carbon atoms. Theoretically the 
first member of the series should be methylene, CHo, but this 
has never been isolated. The simplest known olefin is ethylene, 
G2H4. : 

Ethylene Hydrocakbons 








, TEE .-CARBON COMPOUNDS 
: There are three possible structures for etliylene ; 




/H 

>c-cx 


In formula I the unsaturated condition of tiie moiccuu* is 
represented by a carbon atom attached to only tv;?* ufiv. r 
atoms. Such a compound would be a bivalent free raoicai n;-.. 
its addition product with chlorine would be (Tl;.; ■ rnC';.*, in'-) 
chlorine atoms being attached to the same curl)'m rr;un-,. 
By the action of phosphorus pentacliloride on arc! aldehyde. 
CHs • CHO, the oxygen of the aldehyde is rejt'uce i by two 
chlorine atoms, yielding a product with this structure. ji hem's 
very little resemblance to the addition produer formed i’rom 
ethylene and chlorine. The latter, therefore, must luu'C »)rie 
chlorine atom attached to each of the two carbon atoms, aiid 
fonnula I must be abandoned. Formula 11 repre.seiits eac’n 
carbon atom as trivalent. If carbon can exist in si able com- 
pounds in the trivalent state, there is no logical explaiiaiion 
for the fact that whenever an unsaturated compound forms an 
addition product with hydrogen or a halogen or witii any other 
reagent it does so by combining with two atoms of livflrogen or 
of a halogen or, in general, with two equivalent ,s {tf ibe atoms 
or ions of the reagent used. Since addition always involves a 
pair of atoms, ions, or radicals, we must conclude that furnnila 1 1 
is unsatisfactory. Formula III represents two carbon atoms 
linked to each other by a double bond, two of the four valences 
on each carbon atom being exercised in holding carbon to < ar- 
bon. The activity of such a molecule is attributed to the strain 
involved in bringing the relatively fixed valence positions near 
enough together to admit of such a union. Addition of a halo- 
gen is interpreted, on the basis of this formula, as due to break- 
ing the double bond, thereby allowing each of the carbon atoms 
to hold a halogen atom. The structure of the chlorine addition 
product formed with ethylene then becomes OHaCI • UHA1, 
a structure that is in harmony with all known methods for its 
preparation. 

Ethylene was made in large quantities during the war of 1914-1918. 
It was used in the manufacture of the very poisonous d-jy-dicidoroothyi 
sulfide, commonly called mustard gas. The compound is an oily hcjuid 


HYDROCARBONS 


23 

(b.p, 216'^ f.p. 14'-’). Its vapor, when inhaled, acts as a slow but certain 
poison. It penetrates the skin also and produces serious burns. It is formed 
by passing ethylene gas into a solution of sulfur dichloride in. carbon 
tetrachloride : 

yCl • /CHsCHaCi 

S( +2CH2:CHi,- — y&C 
^'Cl \CH2CH2Cl 

Unsaturated compounds are quite susceptible to oxidation 
by permanganates and by dicliromates, whereas the saturated 
hydrocarbons are not affected by these reagents. When mixed 
with oxygen or . air, and ignited, the saturated hydrocarbons 
burn at least as readily as do the unsatui’ated compounds of 
approximately the same molecular weight. The heat of com- 
bustion of ethylene is greater than the heat of combustion of an 
equivalent quantity of free carbon and hydrogen, indicating a 
negative heat of formation for this hydrocarbon. 

Preparation. Hydrocarbons of the ethylene series may be 
prepared by the following methods : 

1 . An alkyl halide, when heated with an alcoholic solution 
of potassium hydroxide, yields a molecule of hydrogen halide 
and an iinsaturated hydrocarbon. The hydrogen and halogen 
are taken from adjacent carbon atoms and a double bond is 
thus established : 

OH, • GH.. • GH2CI 4- KOH CH3 • CH : CI-H T KCl +H2O. 

2 . Dilialogen derivatives of the paraffin hydrocarbons hav- 
ing the two halogen atoms attached to different, but adjacent, 
carbon aiorns yield unsaturated hydrocarboovs when warmed 
with zinc or sodium : 

CH,, - CHCl • CH2CI + Zn — CH3 • CH : CH2 -f ZnCh- 

3 . Alcohols may be dehydrated by means of sulfuric acid 
or phosphorus pentoxide: 

CHs - CH. ■ CHaDH -f H2SO4 

^ CH3 • CH : CHH- H2SO4 4-H2O. 

This reaction proceeds in two steps. In the first place an 
alkyl derivative of sulfuric acid : is formed. With ordinary 
ethyl alcohol and sulfuric acid the reaction takes the following 
course : 

C2H5OH + H2SO4 — >• C2H5HSO4 H H2O. 

Ethyl sulfuric acid, C2H5HSO4, is an oily liquid. It is not 






isolated from the excess of sulfuric acid or alcohol when ethylene 
is the product wanted. The mixture containing this compound 
is heated to about 170“ and the second step in the process is 

accomplished . 

The commercial production of ethylene is accomplished by 
passing alcohol vapor over clay balls or aluminuiii oxide in an 
iron tube heated to 400°. 

Isomerism. Isomerism arises from changes in the eoiifigura- 
tion of the molecule either by branching of the carbon chains 
or by changing the position of the double bond. There are 
three possible structures for butylenes and three are actually 
known: 


The first is produced by the action of alcoholic potash on 
secondary butyl iodide, GH 3 • CHI ■ GH 2 • CH;j. O'he second 
is obtained in the same way from normal butyl iodide, 
CH3 • CH2 • CH2 • CH 2 I. The third has been made by the 
action of sulfuric acid on isobutyl alcohol, (CH 3 ) 2 CH - CH 2 OH. 

There is a type of isomerism, displayed by unsaturated 
compounds only, which is due to the relatively rigid union be- 
tween atoms that share a double bond. Carbon atoms united 
by a single bond may rotate independently around their common 
axis, but a double bond between two atoms prevents free rota- 
tion. Single and double bonds between carbon atoms may be 
represented graphically as follows : 


The tetrahedra attached at one 



HYDROCARBONS 


25 

rotate around their common axis so that a may be placed over 
d, e, or/, but tetrahedra attached to each other by two points 
(11) (ha\dng one edge in common) are not free to turn inde- 
pendently, and hence the geometrical figure produced when 
the double bond is established cannot be altered without break- 
ing the connection at one point or the other. A certain amount 
of energy must be supplied to break the double bond and 
enable the molecule to assume a new configuration, and, as a 
result of this energy requirement, the unsaturated molecules are 
stable enough to appear in isomeric forms. To distinguish this 
kind of isomerism from other types of structural variations it is 
called geometrical isomerism. 

As an example of geometrical isomerism we have two bromo- 
propylenes corresponding to the formula GH3— CH=CHBr. 

CHa— C—H 

H-i-Br 

l-Bromopropene-l 
<f.p. - lir, b.p. 58°) 

In one of these structures the two hydrogen atoms are on the 
same side of the molecule (cfs form). In the other the two 
hydrogen atoms are on opposite sides of the molecule (tram 
form). Either of these compounds can be converted into a 
mixture of the two forms by the application of heat. In other 
words, when the necessary activation energy is supplied, the 
double bond is broken and the molecule exists for a short in- 
terval in a condition that permits reestablishment of the bond 
either in the original position or in a position that produces the 
opposite configuration in the molecule. 

Two other bromopropylenes are known, corresponding to the 
structures 

H-C—H h-c— h 

il and jl 

H-C—CHsBr Br-C-CHs 

S-Bromopropene-l or 2-Bromopropenc*l or 

a-Bromopropylene (b.p. 12 °) ^-Bromopropylene (b.p. 48®) 

These compounds are not geometrical isomers. 

More important examples of geometrical isomerism (cis- 
trans isomerism) will be considered later. 

Nomenclature. The name of an olefin is commonly derived 
from the name of the paraffin hydrocarbon having the same 


nxr n xj 

Oils — u — n 

i! 

Br— C— H 

l-Bromopropene-l 
(f.p. -76°, b.p. 64®) 


and 



CHa : Qlh + GI2 CH2CI . CH2CL 

Ethylene Ethylene diehloride 

Diffused light is used to catalyze the union of ethylene and 
bromine. The addition of chlorine to ethylene occurs in. the 
dark but much more rapidly in the light, and the rate of the 
reaction increases as the temperature is lowered. Substitu- 
tion reactions occur to some extent when chlorine and ethylene 
are mixed, as shown by the evolution of small (|uantities of 
hydrogen chloride. The rates of the substitution reactions 
become slower as the temperature is reduced. When ethylene 
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number of carbon atoms by changing the termination to 
ylene; thus, CsHg is propylene, C.iHs buf^-lene. ajnyjeim 

or pentylene. This system, however, is inadirHjuaie. for ii 
not provide distinctive names for all isomers. The may 

be named as derivatives of ethylene, just as ilu' saturated fn- 
drocarbons were named as derivatives of methanc'. Ihdf'rring 
to the butylenes listed on page 24, the names are t l ) 
rical dimethylethylene, (2) ethylethylene. dlj unsyminelrif'al 
dimethylethylene. According to the Geneva s\'sieni lliey are 
named from the number of carbon atoms in the longest, straight, 
chain by changing the termination of the name of the v.orre- 
spending paraffin from awe to eiie. The position of the double 
bond is indicated by a number specifying the location of the 
first doubly linked carbon atom in the chain. This number 
may follow the suffix ene or precede the name referring to the 
number of carbon atoms in the continuous chain. It is custom- 
ary to begin the numbering at the end nearest the double bond. 
Several names could be applied to the following com]iouiK^ . 


CHs— CH— CH=-CH™CH;i 
CHs 


The names in common use are 4-methyl-pentene-2 and 4- 
methyl-2-pentene. 

Reactions of the ethylene series. Sulfuric, hydrobromic, hy- 
driodic, hypobromous, and hypochlorous acids form addition 
products with the alkylenes. The halogens likewise combine 
with unsaturated hydrocarbons by direct addition. With chlo- 
rine or bromine the reaction proceeds to completion : 


CH2:CH2+Cl2 

Ethylene 
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besides ethylene dichloride, are formed in small amounts. 
Hypochlorous acid as well as chlorine is present in such a solu- 
tion, and both are good oxidizing agents. There are other re- 
agents, which, under special conditions, may be used to break 
the double bond. Among these are hydrogen chloride, nitrosyl 
chloride, sulfur chlorides, and ozone. 

Hydrobrornic acid and hydriodic acid readily combine with 
ethylene and its homologues : 

CHo=:CH2 - 4 - HI — > CH3-CH2I. 

Ethylene Ethyl iodide 

Hydrogen chloride slowly forms an addition product with an 
olefin when the two reagents are heated together in the presence 
of glacial acetic acid. 

When compounds that ionize react with unsymmetrical 
derivatives of ethylene, the negative ion usually goes to the 
carbon atom which is holding the fewer hydrogen atoms, that 
is, the more completely substituted carbon atom of the doubly 
linked pair. Hydrobrornic acid, for example, combines with 
propylene as follows : 

CH3-~GH-=CH2 + HBr ^ CHs-CHBr-CHs. 

This rule, formulated by Markownikoff,* may be used to predict 
the structure of the main product formed in an addition reaction 
as ordinarily carried out in the laboratory, but in nearly every 
case an isomeric compound, formed by addition in the reverse 
order, is a by-product. Kharasch and his colleagues found that 
in the presence of peroxides the mode of addition usually is the 
reverse of that which would be expected under the Markownikoff 
rule.f We shall encounter other exceptions to the rule when we 
study conjugated systems of double bonds. 

When hypochlorous acid or hypobromous acid reacts with 
an unsaturated hydrocarbon, under ordinary conditions, the 
hydroxyl group becomes attached to the carbon atom holding 
the fewer hydrogen atoms : 

CHs -CH^CHa d- HOCI — > GHa—CHOH-CHsCl. 

* Waldomir Markowriikofi' was professor of chemistry in the University of 
Moscow from 1873 l.o 1890. 

t Kharasch and Mayo, J. Am. Cham, Soc., 65, 2468 (1933). See also J. Org, 
Chem. 2, 288 (1937). 
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This result has led many to suppose that in acids of this ppe 
the electrons are so distributed as to make the halogen positive 
with respect to the hydroxyl group. In aqueous solution an 
acid of the type HOX yields the ions H ■* and i)X but in 
forming an addition product with an unsaturated compound it 
supplies OH and X to the unsaturated carbon atoms. The 
mechanism of the reaction is not fully understood. 

Ethylene dissolves in concentrated sulfuric acid with the 
formation of ethyl sulfuric acid : 

CH2=CH2 "i* HoSO-i — ^-CHg — CH2SO4H. 

Ethyl sulfuric acid (ethyl hydrogen sulfate) is an oily iiciuM. 
It dissolves in water but is not readily hydrolyzed by water 
alone nor by an acid solution. Hydrolysis is accomplished by 
heating an alkaline solution of the compound. The barium salt 
of ethyl hydrogen sulfate is soluble in water, and this property 
is used in separating the ester from unchanged sulfuric acid. 

The mixture of ethyl hydrogen sulfate and sulfuric acid is diluted with 
water and treated with an excess of barium carbonate. The precipitate of 
barium sulfate and the undissolved excess of barium carbonate are removed 
together by filtration. The barium salt of the ethyl sulfuric acid is contained 
in the filtrate. The filtrate is reduced to smaller volume by partial evapora- 
tion of the water. The residue is then cooled by packing the container in ice, 
and from the cold solution barium ethyl sulfate crystallizes with two mole- 
cules of water. The salt is decomposed with the calculated quantity of 
sulfuric acid, and the precipitated barium sulfate is removed by filtration. 
Finally the free ethyl sulfuric acid is obtained by evaporation of the water 
over phosphorus pentoxide in a vacuum desiccator. 

The product formed through the union of an olefin and con- 
centrated sulfuric acid may be hydrolyzed by boiling it with a 
solution of sodium hydroxide. An alcohol is produced : 

CH3--CH2— HSO4 + HOH— >- CHs— CH2OH + H2SO4. 

The addition of sulfuric acid to an olefin is especially applicable 
to the hydrocarbons of low molecular weight. Other members 
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beyond this stage. The conversion of ethylene into glycol 
through the agency of permanganate ion in acid solution is 
represented by the equation 

6 CH2=-CH2 + 2 Mn04“ + 6 H+ + 2 H 2 O 

— ^ 5 CH 2 OH-CH 2 OH 4- 2 Mn++. 

In alkaline solution a similar reaction occurs, but manganese 
dioxide instead of a manganous salt is formed : 

3 CH 2 =CH 2 + 2 Mn 04 ~ + 4 H 2 O 

> 3 CH 2 OH— CH 2 OH + 2 MnOs + 2 0H-. 

In this process hydroxide ions are produced in a solution 
originally alkaline. It is an irreversible process, and it is cata- 
lyzed by hydroxide ions. An alkaline solution of a perman- 
ganate is generally used to oxidize an unsatmated hydrocarbon 
when the addition of a hydroxyl group to each of the un- 
saturated carbon atoms is desired. 

When the vapor of an unsaturated hydrocarbon is mixed 
with hydrogen gas and the mixture is passed over hot, finely 
divided nickel, a saturated hydrocarbon is formed : 

CH2=CH2 + Ha — > CH-i—CHs. 

The reduction of liquid unsaturated hydrocarbons can be 
accomplished generally by treatment with concentrated hy^ 
driodic acid and red phosphorus or through the direct action of 
hydrogen gas in contact with finely divided nickel or platinum. 

THE ALLYLEHE SERIES 

Members of the allylene series of hydrocarbons are repre- 
sented by the general formula CnH 2 n- 2 . This is also the 
general formula for members of the acetylene group. The 
allylenes, or diolefins, have two double bonds in. each molecule. 
The isomeric acetylene hydrocarbons are characterized by the 
presence of a triple bond in each molecule. 

The simplest diolefin is allylene, GH 2 =C=CH 2 , a colorless 
gas that liquefies under atmospheric pressure at — 32°. The 
most useful diolefins possess conjugated systems of double 
bonds, that is, the two double bonds are removed from each other 
by one single bond attachment. A bond structure of the type 
> C=^C — is present in all conjugated systems, but 
such systems are not limited to chains of carbon atoms. Many 
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compounds possessing this series of ulieriint.o doubh* and singin 
bonds polymerize readily. Polymerization is a p}'of*o>s in whicn 
two or more molecules of the same kind unitn. 

A dioiefm is named with refeixmce to the longest eon!]nuou> 
chain of carbon atoms in the molecule. '1 he rsi’eseiu'e ol two 
double bonds is indicated by the sulHx dimv and die positiori.- 
of the double bonds are denoted by numerals. I'he tirsi <'ar- 
bon atom involved in each multiple linkage is si,»erii‘ied in da* 
name. Thus, CHs — CH--=CH — CIT -CH CH; is called 2. 
4-hexadiene. 

Isoprene (2-methyl-l, S-butadienet is a colorless liquid whit' It 
boils at 34‘". It is the principal product formed wlum pure, uit- 
^mlcanized rubber is decomposed by lieat. A ijolyjsier t>f iso- 
prene can be made by warming the litpiid with merailic sodium. 
The sodium acts as a catalyst in this condensation jn’oeess and 
it is possible in this way to convert isoprene into u ]K>Iymer of 
very high molecular weight — several hundred molecules unit- 
ing. The product closely resembles natural rubber, and like 
ordinary rubber it yields isoprene when subjected lo de.st j’ucti%’e 
distillation. The product formed when iso])r(*ne })oi;v ?nerizi's is 
believed to consist of a long, continuous chain of i.soprene units. 

A more useful source of artificial rubber is chhiroprtt/r ; 
2-chloro-l, 3-butadiene, CHo^-CCl-— OH - OH-, 'Fins is a 
colorless liquid (b.p. 59.4°) which polymerizes niu(‘h nuire. 
readily than does isoprene. Artificial rubber made hm\ chioru- 
prene is on the market under the trade name of Duprene. The 
polymerization of chloroprene can be controlled. A gummy sub- 
stance closely resembling crude rubber may be madt) or a liarder 
product similar to vulcanized rubber may be produced. The 
plastic form may be mixed with pigments and fillers, a.s in the 
treatment of natural rubber, and the mixture may then be 
rendered tough and elastic by heating for a short time at a 
temperature slightly above 100°. 


THE ACETYLENE SERIES 

Hydrocarbons of the acetylene series correspond to the 
general formula Cn.H 2 ,t_ 2 j and in each molecule there is a triple 
bond between carbon atoms. The reasons for assigning to this 
formula a triple linkage between carbon atoms rather than 
assuming bivalent carbon or free valence bonds are similar 
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to those mentioned in the discussion of ethylene. Addition 
products are readily formed, univalent elements or groups in- 
variablj^ adding in pairs. Bromine, for example, absorbs acety- 
lene, forming dibromoethyleiie and tetrabromoethane. 

HC=CH + Bra > C.HBr-=CHBr ; 
CHBr--CHBr + Bra — > CHBra—CHBra. 

The reaction takes place in two stages and can be regulated fey 
using an aqueous solution of bromine so as to jdeld the inter- 
mediate product, dibromoethylene, CHBr : CHBr. The addi- 
tion is catalyzed by light. 

Acetylene is a colorless gas, almost insoluble in water but 
very soluble in acetone. At 15°, under 1 atmosphere of pres- 
sure one volume of acetone dissolves twenty-five volumes of 
the gas. The solubility increases rapidly as the- pressure is in- 
creased or the temperature reduced. At — 80° and 12 atmos- 
pheres of pressure the solubility is greater than 2000:1. 
Acetylene is an endothermic compound, the molecular heat 
of formation being ~ 54 CaL (—54,000 cal.). It decomposes, 
therefore, with a liberation of energy, and when under two or 
more atmospheres of pressure it can be detonated by mercury 
fulminate or by an electric spark. 

In an open container acetylene bums with a smoky liame, but 
when used in a properly constructed burner the flame is white, 
smokeless, and rich in rays of short wave length. The high 
temperature of the oxygen-acetylene flame gives the gas a 
technical value in welding processes. Iron is easily melted in 
the flame. Explosive mixtures bf acetylene and air can be 
made with tlie proportions of the hydroearhon ; varying from 
3 per cent to 82 per cent, an unusually wide range. This 
property affords an explanation of the many explosions that 
have occurred in houses lighted by acetylene. Most other hy- 
drocarbons, when mixed with air, bum quietly at the outlet if 
the air content of the mixture is below 50 per cent. The xmlocity 
of propagation of combustion is higher for acetylene than for 
other gases. This gives rise to a very sudden development of 
pressure and makes it unsafe to explode a mixture of acetylene 
and air even in an open flask. 

When acetylene is passed into a vigorously stirred sus- 
pension of mercuric sulfate in dilute sulfuric acid, it is con- 
verted into acetaldehyde, CH3CHO, The result accomplished 
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is the addition, of a molecnie of water to the imsaturated hydro- 
carbon. The course of the reaction probably invol¥es the acicii- 
tion of sulfuric acid, this step being foltaed by iiydrolysls. 
Commercial applications of this process have been made for 
the production of acetic acid, acetone, and other compounds 
that are easily derived from acetaldehyde. 

Reactions of the acetylene series. The following reactions of 
acetylene are typical for members of this series: 

1. By the addition of chlorine or bromine, substituted olefins 
and saturated halogen compounds are formed : 

C.H^CH + GI 2 — CHGI^CHCl ; 

CHC1=GHC1 -i- Ch -->• CHCI2-CHCI2. 

Light catalyzes this reaction. The union of iodine and acetylene 
is accomplished by keeping the acetylene for some time in 
contact with a pasty mixture of iodine and alcohol. 

2. Hydrogen bromide and hydrogen iodide slowly form de- 
rivatives of the olefins and finally unsymmetrical saturated di- 
halogen compounds : 

CHsCH -i- HBr CH 2 =CHBr ; 

CH 2 =CHBr + HBr CHs-CHBrs. 

3. Hypochlorous and hypobrbmous acids combine with acety- 
lene hydrocarbons, forming aldehydes : 

CH^CH + 2 ClOH CHCU-CH (OH). ; 

CHCl2-CH(OH)2 CHCL-CHO + .H 2 O. 

The addition product having two hydroxyl groups on the 
same carbon atom is unstable and cannot be isolated. Water 
is eliminated and a stable aldehyde is formed. 

4. Hydrogen attached to a carbon atom which, in turn, is 
linked to another carbon by a triple bond may be replaced by 
a metal. Silver acetylide is precipitated when acetylene gas 
is led into an^ ammoniaeai solution of a silver salt. It is a 
white crystalline solid which explodes when agitated. Its 
formula is Ag C=C — ^Ag. Copper acetylide is a red explosive 
solid formed by passing acetylene gas into a solution of cuprous 
chloride in ammonia. The property of forming insoluble silver 
or copper derivatives distinguishes the compounds ha^d^g the 
group — C^CH from all other hydrocarbons. Sodium and 
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lithium carbides are formed when acetylene is passed into the 
molten metals. Free hydrogen or the hydride of the metal is 
simultaneously produced : 

C 2 H 2 + 2 Na CsNaa + Ha. 

C 2 H 2 + 4 Li C 2 Li 2 + 2 LiH. 

Similar compounds may be prepared by the direct action of 
carbon on many metals at temperatures attainable in the elec- 
tric furnace. These carbides are easily decomposed by acids. 
Silver acetylide, for example, dissolves in a dilute solution of an 
acid, with the evolution of acetylene : 

Ag 2 C 2 4- 2 H+ C 2 H 2 + 2 Ag+. 

5. The acetylene hydrocarbons are reduced to the correspond- 
ing saturated compounds by heating them with hydrogen in 
contact with platinum black or finely divided nickel. 

6. An alkaline permanganate solution oxidizes acetylene to 
a salt of oxalic acid : 

3 CH=GH + 8 Mn0.r 

3 C204~ “4-8 MnOa 4 2 OH" 4 2 H 2 O. 

Preparation of acetylene. 1. Acetylene is usually made by 
allowing water to drop on calcium carbide. The reaction is 
very energetic and must be carefully controlled to a\mid ex- 
cessive pressure in the generator: 

CaC 2 -4 2 H 2 O Ca(0H)2 + C 2 H 2 . . . , 

Calcium carbide is manufactured on a commercial scale by 
heating a mixture of lime and coke at 2500° to 3000° C. in an 
electric furnace. Metallic calcium combines with carbon directly 
at a much lower temperature to form the same product; but a 
high temperature is required to reduce the calcium oxide. 
The mechanism of the process is indicated by two equations : 

Ca 04 C-~~>Ca 4 CO; 

Ca-l-2C-™->CaC2. 

2. Acetylene is formed from the free elements in an electric 
arc between carbon poles in an atmosphere of hydrogen. Equi- 
librium is attained (at 2500°) with less than 4 per cent of acety- 
lene present. Traces of other hydrocarbons are formed at the 
same time. 
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3. Chloroform, bromoform, and iodoform yield Hic-ir ImliiiTon 
atoms to molten sodium or potassium, the C"H re.>idu<-s miitiiiu. 
in pairs to form acetylene : 

2 CHBr-g -f- 6 K 6 KBr C 2 H 2 . 

The higher members of the aceftdene series are prepared by 
the following general methods : 

Preparation of homologues of acetylene. 1. Dihalogen (i(‘ri\'a,- 
tives of the saturated hydrocarbons having the two iialcjgen 
atoms attached to the same or to adjacent carbon atoms a.re 
treated with alcoholic potash : 

CH 3 --CH 2 — CHCI 2 + 2 EOH 

CHa-^C^GH + 2 KCI + 2 H 2 O, 

CHs—CHCi— GH 2 Ci 4- 2 EOH 

— CHs-^C^-GH + 2 KCI -f 2 H 2 O. 

Compounds having two double bonds (diolefins) are con- 
taminating by-products when the method indicated by the last 
equation is used. 

2. Tetrahalogen compounds having two halogens attachecl 
to each of two adjacent carbon atoms yield acetylene deriva- 
tives when wanned with sodium or distilled with ziiK* dust : 

CH 3 -CCI 2 — CHCI 2 + 2 Zn GHs-Ct-CH 4 2 

Nomenclature. Hydrocarbons containing triT>Io bonds may 
be named as derivatives of acetylene. Thus CHh (y.C'H is 
CHa. 

methyl acetylene; bCH—Cs^C CfE -dTI:, is ethvliso- 

CHa^ 

propyl acetylene ; and so on. According to the Geneva plan the 
name is derived from the number of carbon atoms in the longest 
continuous chain. The name terminates in inc, and the posi- 
tion of the triple bond is indicated by a number following the 
name of the compound or preceding that part of the name which 
refers to the continuous chain. A compound having the strue ture 

CHa-CH-C^C-CHa 

CHa 

is called 4-methyl-pentine-2, or 4-methyi-2-pentine, Number- 
ing begins at the end nearest the triple bond. 
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THE ALICYCLIC SERIES 

Hydrocarbons of the ethylene series were represented by the 
general formula The same general formula must be 

assigned to another series of hydrocarbons known as cyclo- 
paraffins or polymethylenes. In these compounds the carbon 
chains are in the form of closed rings. They are referred to, 
therefore, as cyclic compounds, and since in chemical properties 
they are more like aliphatic than aromatic compounds, they are 
called alicycUc hydrocarbons. 

Cydopmpafie. The first member of the group is known as 
cyclopropane. It is a gas wdiich can be liquefied at ordinary 
temperatures by placing it under five or six atmospheres of 
pressure. Cyclopropane is present in small quantities in the 
gases that escape from petroleum wells. It can be produced 
synthetically by warming 1, 3-dibromopropane with zinc dust. 

/CHaBr yjCIH 

CH< + Zn— + ZnBr->. 

\CH 2 Br VCHa 

1 , 3-D5bromoprot.)a«e Cydopropane 

(m.p. —ii'l.ir’i b-p. H>7*) (m.p. —ISfi-tC, b,p. IS-CS”) 

The reverse process (the conversion of cyclopropane into 
1, 3-dibromopropane) is accomplished by treating the hydro- 
carbon with bromine. Ill forming an addition product with 
bromine cyclopropane displays a property of the unsaturated 
hydrocarbons, but the higher metnbers of this series of hydro- 
carbons do not form addition products at ordjncir.y tempera- 
tures. A Ihree-membered ring of atoms is not very stable, and 
this compound is more reactive than its hoinologues. At a 
temperature as low as 75'" cyclopropane reacts with hydrogen 
if the mixed gases are in contact with finely divided nickel or 
platinum. The reduction product is propane. The catakTic 
reduction of cyelobutane to normal butane is accomplished at 
1.20°, and higher members of the series resist the action of hydro- 
gen and nickel. 

Cyclopentane and cyclohexane occur together in crude petro- 
leum. They correspond to the following structural formulas : 


CHo CH2 

CHtr- 

GH2 

^CH- 

H 2 C<(" 

^CH 2 

CHl> CH2 

HH2 — 

-CH2 

Cyelopentane 

C^yciolipxane 
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Many derivatives of cyclohexane are foinul in tlie fra,nniiu 
volatile oils occurring in some plants and irees. Ivaculyptus, 
pine, and citrus trees, as well as mint, gCTaniuni, and lenuni 
grass, yield compounds related to this hydrocarbon* 

Cyclopakapfins 


Formula . Density 


Name 


Cyclopropane, trimethylene 
Cyelobutane, tetramethylene . 
Cyclopentane, pentamethylene 
Cyclohexane, hexamethylene . 
Cycloheptane, heptamethylene 
Cyclooctane, octamethylene . 


Only brief mention will be made, at this point, of the an- 
saturated cyclic hydrocarbons. Cyclohexene and cyclohexadiene 
are represented by the following formulas : 


Cyclohexene 1, :i-Cydoh(‘xaiiienc 

(m.p. - 103.7°, b.p. 83°) (ni.p. -- b.p. 

Cyclohexatriene, better known as benzene, is one of tlie most 
important compounds in the realm of chemistry. It is brieiiy 
described in the following section. 


THE BENZENE SERIES 

Although benzene is not an aliphatic hydrocarbon it must be 
mentioned here, for we shall have to deal with some of its 
derivatives very soon. Benzene has the formula Cb.H,; and the 
six carbon atoms constitute a closed chain or ring. The struc- 
tural formula for the compound is written as follows : 


* Density at 20° unless otherw 
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Benzene is a colorless liquid which boils at 80.4°. It is pro- 



■',;C''+-|--O 2 .-^CO-j-. 26 , 20 ' 0 cal.' 

In the same way we may calculate the heats of formation of 
the hydrocarbons. Water and carbon dioxide are the products 
formed in the complete oxidation of a hydrocarbon ; and we 
need, in addition to the data given above, the heat of Wmation 
of water ^ 
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The heat of formation of a substance re[n’(-senis tin* dillercmce 
in energy content between one mole of I he fomp'iand and an 
equal quantitj^ of the uneombiiied elenir-nts. As a rule sla])lo 
compounds are formed from the elemeius wills tsu e^uluiion of 
heat (loss of energy), but some compounds uie formc'd wish an 
absorption of energy. One mole of methane burns in oxygim. 
forming carbon dioxide and water with an evolution of 2bh.s0(t 

' CEi + 2 O 2 — ^ CO 2 + 2 H,.0 + 21tt,S(H> cal. A s 
For the uncombined elements we have 

2 H 2 + O 2 2 HoO + 130,600 cal. 02 * 

C + O 2 — »■ CO 2 + 94,300 cal. (3 

Adding equations (2) and (3), we have 

2 H 2 + C + 2 O 2 2 H 2 O + CO 2 -f 230,900 cal. (4 } 

Subtracting (1) from (4), 

2 H 2 + C — »• CH .1 + 20,100 cal. 

This represents the energy used in breaking up the molecule 
when methane burns, or it is the heat that would be evolved 
if methane were made by direct union of carbon and hydrogen. 

On the other hand, some of the lower members of tiie unsatu- 
rated hydrocarbons burn with the evolution of more heat than 
is derived from equivalent weights of the free elements. In 
other words, they have negative heats of formation. 


Heat of Combustion 

210,800 cal. Ethylene. , 
368,400 cal. Propylene , 

526.300 cal. Butylene , 

682.300 cal. Acetylene . 


Methane 

Ethane 

Propane 

Butane 



ALCOHOLS 

SATURATED MONOHYDRIC ALCOHOLS 

The saturated monohydric alcohols may be regarded as de- 
rivatives of the paraffin hydrocarbons in which one hydrogen 
atom in each molecule has been replaced by a hydroxyl group. 
The general formula for alcohols of this series is C„H2»+iOH, 
or ROH. An alcohol may be prepai’ed from an alkyl halide by 
treatment with an aqueous solution of a base. Prolonged boiling 
of the mixture is generally necessary. 

C2H5I + KOH C2H0OH -f KI 

Sodium hydroxide and amyl chloride are used in the commer- 
cial process of making amyl alcohol. Other general methods 
for making alcohols will be presented later. The first two mem- 
bers of the series, methyl alcohol and ethyl alcohol, are of 
great commercial importance, and special means have been de- 
vised to produce them in vast quantities at comparatively 
low cost. 

Physical properties. The alcohols of low molecular weight 
are colorless liquids. The first three members of the series 
are miscible with water in all proportions. The members of the 
group containing from four to eleven carbon atoms are oily 
liquids sparingly soluble in water. The solubilities decrease 
as the molecular weights increase. The higher members are 
colorless solids, almost tasteless and odorless, and practically 
insoluble in water. They are readily soluble in the liquid mem- 
bers of the series, and from these solutions some of them may 
be obtained in crystalline form. 

Classification. Alcohols are classified as primary, secondary, 
and tertiary. The classification is based upon the number of 
carbon atoms that are bound by the carbon which is directly 
attached to the hydroxyl group. Every primaiy alcohol is char- 
acterized by the group — CH2OH, while secondary and tertiary 

alcohols have the groups ^CHOH and ^COH respectively. 

39 



40 THE CARBON COMFUUNiJB 

General formulas may be written as follows : 

RCH2OH R2CHOH RsGOH 

Primary alcohol Secondary alcohol Tertiary altjohol 

Chemical properties. 1. Alcohols react with metallic sodium 
or potassium with the evolution of hydrogen, but only one 
hydrogen atom in each molecule of a monohydrie alcohol is 
replaceable by the metal. This fact is used in establishing 
the presence of a hydroxyl group in the alcohol molecule. 
For example, two structures are possible for a compound hav- 
ing the formula C 2 H 6 O. We might write it CH 3 ■ 0 • CHa or 
CHs • CH 2 OH. In the first formula the six hydrogen atoms 
are all similarly placed. If one is replaceable by a metal, there 
is no apparent reason why two, three, or even six siioukl not 
be replaced by the same reagent. In the second formula five 
of the hydrogen atoms are attached directly to carbon and one 
is held by oxygen. The formula indicates that one hydrogen 
atom differs from all the others in its relation to the molecule 
as a whole, and since in ethyl alcohol one and only one hydrogen 
atom is replaced by sodium, we assign to it the second formula 
and write the following equation for the reaction ; 

CHs • CH2OH + Na CHs • CH.ONa + | H 2 . 

Ethyl alcohol Sodium €‘thylat« 

2. Alcohols react with phosphorus trichloride or phosphoras 
pentachloride, forming alkyl halides : 

3 C2H5OH 4- PCI3 — > 3 C2H5CI + HsPOs. 

C2H5OH + PCI5 — C2H5CI + POCis + HCI. 

These reactions confirm the conclusion that an alcohol mole- 
cule contains a hydroxyl group. A univalent chlorine atom 
replaces an atom of oxygen and one of hydrogen -- a change 
easily explained under the assumption that the oxygen and 
hydrogen are present in the form of a univalent group. 

3. Acid chlorides and alcohols yield esters : 

C 2 H 6 OH + CHsCOCl--^ HCI -f G2H5 . 0 ■ COCH 3 . 

This reaction is discussed under acid chlorides (see page 94) . 

4. Alcohols are susceptible to oxidation. Chromic acid 
converts ethyl alcohol into acetaldehyde, and by the same 
reagent it is further oxidized to acetic acid. On account of 
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its volatility free acetaldehyde is obtained unless precautions 
are taken to prevent its escape from the reaction mixture: 

CH3CH2OH — ^ CHsCHO — > CHaCOOH. 

Ethyl alcohol Acetaldehyde Acetic add 

Primary, secondary, and tertiary alcohols may be differen- 
tiated by identifjing the types of compounds formed from 
them by oxidation. A primary alcohol is converted into an 
aldehyde having the same number of carbon atoms as in the 
alcohol molecule. The aldehyde, in turn, is oxidized to an 
acid without loss of carbon. A secondary alcohol is oxidized 
to a ketone having the same number of carbon atoms, but on 
further oxidation the ketone yields carbon dioxide and water 
or adds containing fewer carbon atoms than the ketone itself 
possessed. A tertiary alcohol is decomposed at once by oxida- 
tion to compounds of lower molecular weight. 

Tertiary alcohols are not as readily oxidized as are the pri- 
mary and secondary compounds. On the other hand, the re- 
placement of the hydroxyl group by a halogen through the 
agency of a phosphorus halide, or its removal in the forma- 
tion of water by a dehydrating agent, proceeds with greater 
ease with tertiary than with primary or secondary alcohols. 

The products formed in the oxidation of an alcohol depend 
upon the reagents used, the character of the alcohol, and the 
temperature of the reaction. Some tjT)ical reactions are shown 
below. These equations must not be interpreted as meaning 
that different oxidizing agents necessarily form different prod- 
ucts when they act upon an alcohol. The list is intended merely 
to indicate several possible results. 

CH3OH 4- CroOr— + 8 H+ — CO2 + 2 Cr+++ + 6 H2O. 

3 RCH2OH + 2 CrsOr™ + 16 H+ — 3 RCOOH + 4 Cr+++ + 11 H2O. 

RCHaOH + 2 HNO 3 — RCHO + 2 NO 2 + 2 H 2 O. 

3 RCH2OH + 2 MnOr + OH- — 3 RCHO + 2 MnOs + 3 OH" -f- 2 EsQ. 
3 RCH2OH + 4 Mn 04 - + OH- — 3 RCOO" + 4 MnOs -i-20H-+4H2O. 
5 RCH2OH + 4 MnOi- + 12 H+ V 5 RCOOH + 4 M 11 ++ + 11 H 2 O. 

5. Alcohols are dehydrated by the action of concentrated sul- 
furic acid, hydrocarbons of the ethylene series being formed : 

CH3 vCHsOH CH2 : CH2 + HgO.^ 

The reaction proceeds even more readily with secondary and 
tertiary alcohols. By modifying the conditions (controlling the 
temperature and the concentration of the acid) one molecule 
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of water may be removed from two molecules alcolirfl. vifh 
the production of an ether : 

2 C2H5OH — > CoHs • 0 • C J 1;. i I i J >. 

An intermediate product, in this case ethyl suiiuru: acid, is 
formed between the alcohol and acid; bu! it. is iii,‘t(.napo.sf'd 
by the excess of alcohol, regenerating the aci<i arai lt>r!niug liu:* 
ether. The mechanism of the formation of diethyl eilier is. in- 
dicated in the following equations : 

C0H5OH + H2SO4 :— >• C2HSHSO4 4 " H.O ; (1 - 

C2li5HS04 + C2H5OH - 5 - C2H5 • G • (UHr, -i- H2SO.1. 1 , 2 } 

Mixed ethers may be soured by mixing suifurit* a«'id w'itii 
the calculated quantity of one alcohol to ]>ruduco an osier 
according to ( 1 ) and gradually adding another alcolicfi during 
the process of distillation. Reaction ( 2 ) then occurs with the 
second alcohol : 

C2H5HSO4 + C3H7OH — C2H5 • 0 • C3H7 + H2SO4. 

Ethyl sulfuric acid Propyl alcohol Ethylpropyi ether 

Nomenclature. According to the Geneva system, an alcohol 
is named as a derivative of the hydrocarbon having the same 
number of carbon atoms in the longest continuous ciiain. The 
name is made to terminate in oL The position of a radical, sub- 
stituted for hydrogen, is indicated by a numeral ju’ctHHling 
the name of the radical. The position of the hydroxyl gnmp is 
shown by a number following the sulllx al (original Geneva 
plan) or by a number immediately preceding the idass name 
(modified Geneva plan). A compound having the structure 


is called 2“methyl“butanol-2 or 2-methyl~2-butanoL 

Methyl alcohol (wood alcohol), CH3OH, is a colorless liquid 
(sp. gi\ 0.792 at 20" ; b. p, 64.6°), It burns with a nonluminous 
flame forming carbon dioxide and water. It has a burning taste 
and is poisonous. It is an excellent solvent for many types of 
organic compounds. It is now commonly called methanol, but 
it was at one time known as carbinol. 

Methyl a,Icohol is obtained on a commercial scale fivim wood 
by dry distillation. Among the products found in the distillate 
are water, acetic acid, methyl alcohol, acetone, and tar. The 
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tar settles out on standing, and the liquid layer is siphoned off, 
treated with lime and water, then redistilled. The lime converts 
the acetic acid into a nonvolatile salt, calcium acetate, and the 
water throws out of solution hydrocarbons and some other com- 
pounds which can be separated by mechanical means from the 
aqueous solution of methyl alcohol and acetone. By fractional 
distillation most of the water is eliminated. Quicklime, GaO, is 
employed to complete the dehydration of the distillate. The 
methyl alcohol and acetone may be separated by treatment with 
calcium chloride, which absorbs methyl alcohol. 

A process for making methyl alcohol from carbon monoxide 
and hs^drogen has been developed. The possibility of obtaining 
methyl alcohol in this way was realized more than a hundred 
years ago, but the conditions under wdiich the reaction could be 
made commercially profitable were not discovered until 1925. 
The reaction is represented by the equation 

CO 4 - 2 H 2 CH 3 OH. 

The gases, in contact with a suitable catalyst, are heated to 
temperatures ranging from 800® to 400® under pressures of 150 
to 350 atmospheres. The effective catalysts are mixtures of me- 
tallic oxides at least one of which must not be reduced by hy- 
drogen under the wmrking conditions. A mixture composed of 
oxides of zinc, coi)per, and aluminum is commonly employed. 

Ethyl alcohol. By fermentation glucose is converted into 
eihjd alcohol and carbon dioxide : 

CoHi^Oo ■— >- 2 C2H5OH + 2 CO2. 

ClucoHf- F.thyl iiI(?ahol 

Fermentation is induced by an enzyme, zymase, found in yeast. 
The fermentation of fruit juices for the production of wine is 
mentioned in the Bible and in other ancient writings. Leeuwen- 
hoek, as early as 1683, described the microscopic appearance of 
yeast, but it was first definitely characterized as a plant by 
Tour in 1836. A few years later Pasteur connected fermenta- 
tion with the life processes of the yeast plant. He considered 
the conversion of sugar into alcohol and carbon dioxide to be 
dependent upon the life and growth of the yeast in the sugar 
solution. This theory prevailed until Buchner (1897) showed 
that an extract from yeast containing no living cells could 
cause fermentation (see Enzymes, page 182) . 
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Starch is the commercial source of llie idui-Aisi- used m the 
manufacture of alcohol. Potatoes, corn, whc-ai, nr nee inuy he 
used as sources of starch. Enzymes coniaiiied in sf)rnutiny 
barley have the property of catalyziiijir the iiy{ir(il>'.-.is ni r-iar(‘h, 
converting it into fermentable sugars. 

Ground corn is mixed with water and heate<i an Imur or more 
with steam under about 3 atmospheres of pressune Afior cool- 
ing, malt is added and the mixture is held a1 Hh (\ nniil the 
starch has been completely hydrolyzed. The iodth.e. lost sVif 
starch is made from time to time until a sample of tiio mixture 
no longer gives the characteristic blue color of sianh iodide. 
The husks of the grain are removed by forcing ihe tna^-ii i hr< tugli 
a coarse filter. The portion passing through ihe sie’v'e or lilttT 
is conveyed to the fermentation vats. Yeast is added and the 
temperature is held between 20® and 25'’ C. unrii iliC conver.'^ion 
of sugar to alcohol is complete. This part of the pr<.)eess re^paires 
from three to five days. The mash then consists of a slimy thiid 
mixture of water, alcohol, fusel oil, traces of organic acids, ami 
aldehydes, and a solid residue of the grain. From this mixture 
the alcohol is obtained by distillation. It is not jxjssihle to secure 
absolute alcohol from an aqueous solution of alccdmi by dist illa- 
tion alone. A mixture containing 95.5 per cent alcohol tmd 4.5 
per cent water has a maximum vapor pressure, and this mixture 
distills without change in composition at 78.17'-' (!," In t lie ]frep- 
aration of absolute alcbhol the ordinary 95 per {‘cni product is 
dehydrated by hoilihg it, under a reflux c.ondens(‘r. with cal- 
cium oxide (quicklime). The water Is retained by the lime, and 
the alcohol is liberated from the semisolid mass by flisijllation. 

Butyl alcohols. Normal butyl alcohol has the formula 

CHs^CHa—CHa-CHsOH. 

It is an excellent solvent for many types of organic compounds. 
It combines with acetae acid, forming an ester, normal butyl 
acetate, which is a valuable component of the fine lacquers 
that are used on automobiles. Normal butyl alcohol is a color- 
less liquid that boils at 117.7® and has a specific gravity of 
0.805 at 25® C. One volume of the alcohol dissolves in' ten 
volumes of water, but it is miscible in all proportions wit h ethyl 
alcohol and with ether, ‘ 

* Noyes and Warfel, J. Am. Chem, Soc., gS, 463 {1901). 
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A fermentation process has been developed for making the 
alcohol from sugars derived from starch. The reaction proceeds 
according to the equation 

CoHisOe C4H9OH + 2 CO2 + H2O. 

Isobutyl alcohol, (CH3)2CH— CH2OH, is found with amyl 
alcohols in fusel oil. It can be separated from the amyl alcohols 
by fractional distillation. It is formed as a by-product in the 
synthesis of methyl alcohol from carbon monoxide and hydro- 
gen. Isobutyl alcohol is used as a source of many types of 
compounds containing the isobutyl radical that are required 
in research laboratories. No important uses have been found 
for the secondary and tertiary butyl alcohols. 

Amyl alcohols. The alcohols con’esponding to the empirical 
formula GiHnOH are known as amyl alcohols. The name was 
first applied to two members of the group, 

(CHaloCH— CHo— CH2OH 
and CH3~~GH2— GHfCHal—CHaOH. 

These alcohols constitute the major part of the fusel oil formed 
as a by-product when ethyl alcohol is made from starch. The 
word "amyT' is derived from the Greek name for starch. We 
believe now that these alcohols are derived from the proteins 
found in corn, wheat, rice, or potatoes and not from the starch, 
but they are still called amyl alcohols. 

Amyl alcohols are manufactured in enormous quantities for 
industrial uses. The free alcohols and also amyl acetates, made 
from amyl alcohols and acetic acid, are used as solvents for 
gums, resins, and nitrocellulose in the manufacture of lacquers. 
The alcohols are made from the pentanes derived from natural 
gas or gasoline. The pentanes are chlorinated by treatment with 
free chlorine, and the chloropentanes are hydrolyzed to amyl 
alcohols by hot aqueous solutions of sodium hydroxide : ’^ 

CH3--CH2— CH2—GH2— GH3 + GI2 

GH 2 --GH 2 ----GH 2 ~-CH 2 GI + HGl; 
CHs—GHs— CH2-CH2— GH2GI -h NaOH 

--->GH3-™GH2~CH2--GH2-~-GH20H 

* Pora description, of the factory process operating upon a scale that involves 
the use of twenty-two tons of chlorine per day, see Eugene E. Ayers, J. Ind. and 
Bug. Chcm., 21, 893 (1929). Read also M. M. Wilson and F. J. Worster, J. Ind. 
and Eng. Chem., 21, 592 (1929). 
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These equations represent the formation (»i' insnna} aniyi aii'n- 
hoi. Other amyl alcohols are formed at the sanu* tinte, fur t\n\ 
all the chlorine enters the pentane mciietmie on tin* icrnHin*; 
carbon atom. A mixture of the isomeric pentanos is .lit'nuj'.-oi v 
used, and this is another cause for the product itm oJ nu.\<‘d 
alcohols. Some dichloro derivatives of the pett lanes are furmod 
in the chlorination process; and if these an* not rernov' O from 
the monochloro derivatives before treatment widH fin/ iiu? 
sodium hydroxide solution, the amyl alcohols fornied are 
contaminated with dihydric alcohols. 

Saturated Monohydrk’: Alcohols 


FOltMUlO 


Name 


Methyl alcohol . . . . . CHaOH 

Ethyl alcohol CHa— CHaOH 

Propyl alcohols 

Normal propyl .... CHs — CHa — CHaOH 

isopropyl CHa— CHOH— CHa 

Butyl alcohols 

Normal primviry . . . CHa — CHa— CHs — (UTaOH 
Normal secondary . . CHs — CHOH — CHs — CHa 

Jsobutyl (CHslsCH— CHaOH 

Trimethyl carbinol . . (CHslsCOH 
Amyl alcohols 

Normal primary . . . CHs— CHa— CHa-nm-s— CIIaUH 
isobutyl carbinol . . , (CHslaCH — CHa— CHaOH 
Secondary butyl carbinol OHs — CHtCaHsjCHaOH 
Methylpropyl carbinol CHs — CHa- —CHa — CHOH— 1 IHs 
Diethyl carbinol . . . CaH*— CHOH -CaHs 
Methylisopropyl carbinol (CHslaCH — CHOH — CHs 
Dimethylethyl carbinol (CH;i)bCOH — C aHs 
Tertiary butyl carbinol (CHslsC — CliaOH 
Higher alcohols 

Normal hexyl .... CbHjsOII 
Normal heptyl , . . . CtHisOH 
Normal octyl . , . . CaHirOH 
Normal nonyl . ... CaHwOH 
Normal deeyi . . , . CioHatOH 


Isomerism. There are more isomeric alcohols correaponiiing 
to a given empirical formula than there are hydrocarbons hav- 
ing the same number of carbon atoms ; for isomerism may be 
due not only to a branching of the carbon chain but also to a 
change in the position of the hydroxyl group, or to both of 
these causes. There are, for example, two butanes, 


Normal butane 


Isobutane 
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and four butyl alcohols : 

1 . CHs • CH 2 • CHo • CHoOH 

Normal primary butyl alcohol 

3. CHa ■ CH. . CHOH • CH 3 

Normal secondary butjd alcohol 

POLYHYDRIC ALCOHOLS 

Polyhydric alcohols are characterized by the presence, in each 
molecule, of two or more hydroxyl groups. With few exceptions 
these groups are so distributed that not more than one is held 
by any single carbon atom. Many reactions are known which 
might be expected to place two or three hydroxyl groups on the 
same carbon atom ; but almost invariably these reactions lead 
to the formation of acids, aldehydes, or ketones. 

The dih 3 ’dric alcohols are known as glycols. They are solu- 
ble in water and boil at higher temperatures than the corre- 
sponding monohydric alcohols. They form two series of esters 
with acids, jdeld monosodium and disodium derivatives, and 
on oxidation give rise to a variety of products corresponding 
to different stages in the oxidation process. It is not always 
practical to isolate all the intermediate products. Ethylene 
glycol, for example, is converted to oxalic acid through the 
following steps: 


CH 20 H 

CH 2 OH 

CHO 

CHO 

COOH 

j ' — >- 1 — 

j - 

— 1 ~ 

■>- 1 

CH 20 H 

CHO 

CHO 

COOH 

COOH 

Ethylene glycol 

Glycol aldehyde 

Glyoxal 

Glyoxalic acid 

Oxalic add 


Glyoxal and glyoxalic acid, however, are never made by direct 
oxidation of the alcohol. 

Ethylem glycol, GH 2 OH-— -CH 2 OH, is a sweet, colorless liquid 
thatmelts at — 12.3° and boils at 197,2®. It is used as an '"anti- 
freeze^l liq[uid in automobile radiators, as a solvent in the 
manufacture of nitrocellulose lacquers, and in the preparation 
of a class of explosives known as nitroglycols. It is prepared 
from ethylene and hypochlorous acid. These reagents combine 
to form ethylene chiorohydrin : 

CHs CH 2 GI 

il 4-CiOH— 1 
CHa CH 2 OH 

Ethylene Ethylene chlorohydria 


2. (CH. 3 ) 2 CH . CH 2 OH 

Isobutyl alcohol 

4. (CH3)3C0H 

Tertiary butyl alcohol 
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The chlorohydrin (b.p. 128°) is hydrolyzed by \vurnmi« it to 
70° with a dilute solution of sodium bicfarbonat.e. ’Fhere is a 
steady evolution of carbon dioxide until the reaction is com- 
pleted. 

Phosphorus pentachloride and phosphorus triclilorifle act 
upon ethylene glycol, substituting chlorine for boi'li hy<lroxy] 
groups, but hydrogen chloride gas acts upon one Ipydroxyl 
group only : 

CHoOH CHoCl 

1 +2PCl5~-> 1 + 3 POGIy d- 2 HCL 

CHoOH CH 2 CI 

Ethylene chloride 

CH2OH GH2CI 

I +HC1— ^ I +H;0. 

CH20H CH20H 

Ethylene chlorohydrin 

Hydrogen chloride is split off from ethylene chlorohydrin by 
sodium or potassium hydroxide, and ethylene oxide is formed. 
Ethylene oxide (b.p. 14°) reacts rapidly with hydrochloric acid, 
regenerating ethylene chlorohydrin, or with water to form glyetd, 
or with hydrogen (in contact with platinum black) to f<irm ethyl 
alcohol. 

Glycerol, or glycerine, CH 2 OH • CHOH • OI-ROH, a t.rihydric 
alcohol, is obtained from fats and oils. Fats are hydrolyzed by 
boiling them with acids or alkalies, by the action of enzymes, or 
by treatment with superheated steam. In the latter process the 
fat is placed in an autoclave and subjected to the action of 
steam at 315° C. for several hours. The glycerol liberated is 
purified by distillation in a partial vacuum. It is a heavy, oily, 
viscous liquid. It is miscible with water in ail proportions and 
has a sweet taste. It melts at 17° C. and boils at 290° 0. It 
is formed when sugar undergoes alcoholic fermentation, the 
quantity produced varying from 1 to 3 per cent of the weiglit 
of the sugar. 

Glycerol is used in the manufacture of inks, confectionery, 
and many pharmaceutical preparations. Its most valuable 
compounds are the natural and artificial esters in which glycerol 
is combined with acids. The important esters of glvcerol 
occurring in nature are the animal and vegetable fats and oils. 
The chief artificial preparation is nitroglycerine. 
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A mixture of glycerol and solid potassium permanganate 
takes fire spontaneously. In aqueous solution the rate of the 
reaction can be controlled, and tartronic acid is produced. 
Mercuric oxide converts glycerol into glyceric acid. 


CH20H 

COOH 

COOH 

j 

CHOH - 

j 

--e- CHOH - 

j 

->-CHOH 

j 

CH2OH 

1 

CH2OH 

[ 

COOH 

Glycerol 

Gb’^cerie acid 

Tartronic acid 


Glyceric acid is a sirupy liquid which does not crystallize. 
Tartronic acid crystallizes in large colorless prisms that melt 
at 158°. Both are soluble in water and alcohol, and both de- 
compose below 200°. 

ErythrUol, GH2OH • CHOH • CHOH • CH2OH, a tetrahydric 
alcohol, occurs in many seaweeds. It is a sweet crystalline solid 
(m.p. 126°, b.p. 332°) . Erythritol is reduced by hydrogen iodide 
to normal secondary butyl iodide, CH3 * CHI * CH2 • CH3. 
This result indicates that in erythritol the carbon atoms con- 
stitute a normal, or continuous, chain. 

AraUtol and xylitol are isomeric pentahydiic alcohols. Ara- 
bitol is a crystalline substance melting at 103°. Xylitol is 
a sirupy liquid. Both are soluble in water, and their solutions 
are sweet. They are obtained by reducing the sugars, arabi- 
nose and xylose. They are both represented by the formula 

CH2OH . CHOH - CHOH ■ CHOH • CH2OH. 

Mannitol, dulcitol, and sorbitol are isomeric hexatomic alco- 
hols: 

CH2OH • CHOH • CHOH • CHOH • CHOH • CH2OH. 

They are obtained by reducing sugars that have coiTesponding 
structures. Mannitol occurs in manna, the sap of certain 
species of ash. It is extracted from manna with hot alcohol, 
from which it crystallizes on cooling. 

The most important polyhydric alcohols are those that have 
the carbonyl group ( — CO — ) in addition to hydroxyl groups. 
They are aldehydes or ketones as well as alcohols. The sugars 
belong to this group. They are considered in the chapter on 
Carbohydrates. 
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UNSATDRATED ALCOHOLS 

The unsaturated alcohol coirespoiiding to the* wnridcst pos- 
sible structure, GH 2 =CHOH, has not been prepared. All 
attempts to produce it have resulted in the formaiioti of acet- 
aldehyde, Cfc—CHO. The hydroxyl group rarely iield hy 
carbon which is attached by two bonds to another carbon atom. 
Such compounds are, no doubt, produced in numerous 
tions, bnt an immediate intramolecular rearrangement gives 
rise to the more stable foim. The essential feature of the rear- 
rangement may be outlined as follows : 


OH 

-c^c^ 


0 H 


i I 
-c— c 

n 


/ 

\ 


The hydroxyl hydrogen atom migrates from oxygen to the 
adjacent unsaturated carbon atom, breaking tlie double l)onfi 
between the carbon atoms and establishing it betw(?cni (*a.rbon 
and oxygen. Compounds containing structure 1 are called 
enols. (A hydroxyl group is held by a carbon atom, which, in 
turn, is linked by a double bond to another carbon atom.! 
Structure II is characteristic of aldehydes and ketones. In 
some cases this reaction is reversible and an equilibrium is 
established between the unsaturated alcohol and the aldehyde 
or ketone. This type of reversible change in structure is called 
keto-enol tautomerism. 

Allyl alcohol, CH 2 — CH — CH 2 OH, a colorless liquid (b.p, 
96.6®, sp. gr. 0.872), is prepared by heating glycerol with oxalic 
acid. Oxalic acid is decomposed by heat into formic acid and 
carbon dioxide. Formic acid, HCOOH, and glycerol form an 
ester called monoformin, but at temperatures higher than 215® 
the ester decomposes into carbon dioxide, water, and allyl 
alcohol. At a lower temperature and in the presence of water 
monoformin is readily hydrolyzed to formic acid and glycerol. 


CH 20 H 

CH 2 OCHO 

CHa 

1 

HCOOH 1 

heat {j 

CHOH 

1 

CHOH 

j 

— ^ CH + 

CH 3 OH 

CH 2 OH 

1 

CH 2 OH 

Glycerol 

Monoformia 

Allyl alcohol 
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According to the structure theory three different allyl alcohols 
might exist, namely, CH2=CH— CH2OH, CH2=e6H -C^H:j, 
and CHOH==CH — CH3. Only the first is known. The second 
and third formulas show the attachment of a hydroxyl gToup 
to an unsaturated carbon atom. If the second compound were 
formed, it would rearrange to CH3--CO— “CH3, a stable sub- 
stance known as acetone; and the third would change to 
propionaldehyde, CH0-~™CH2---CH3. 

Allyl alcohol readily forms an addition product with chlo- 
rine or bromine. It is oxidized by silver oxide to acrolein, 
GH2=CH--CH0, and to acrylic acid, CHg—CH— COOH. 

Propargyl alcohol^ HG^C — CH2OH, is a colorless liquid 
boiling at 115 °. It forms explosive metallic derivatives cor- 
responding to the silver and copper salts of acetylene. With 
chlorine and bromine the unsaturated alcohols form addition 
products. 

MERCAPTANS 

The mercaptans are related to hydrogen sulfide in tlie same 
way that alcohols are related to water. Ethyl mercaptan t,b.p. 
36 °) is formed by heating in an autoclave an alcoholic solution 
of eth,yl iodide and potassium hydrogen sulfide just as alcohol 
is made from ethyl iodide and potassium hydroxide : 

C2H5I + KSH — ^ C2H5SH + KL 

Mercaptans may be made by heating alcohols with phos- 
phorus pentasulfide or by passing a mixtuie of hydrogen sul- 
fide and alcohol vapor over hot thorium oxide. The mercaptans 
are colorless liquids, slightly soluble in water, and characterized 
by disagreeable odors. Sodium mercaptide, CoHsSNa, crystal- 
lizes in colorless needles. It is prepared by dissolving sodium in 
an ether solution of ethyl mercaptan. It is extensively hydro- 
lyzed in aqueous solution. Mercury mercaptide, (C^TTsSjL’Hg, 
is only slightly soluble in water. It crystallizes from alcohol in 
leaflets melting at 86°. Mercaptans are oxidized to disulfides 
by iodine and an alkali. Nitric acid converts them into sulfonic 
acids : 

2C2H5SH +I2 + 20 H- C2H5-~S— S— C2H54-2 1 ~ + 2H2O. 

CsHsSH -f- 6 HNO3 — GoHsSOsH + 6 NO2 + 3 H2O. 


ALKYL HALIDES AND PARAFFIN 
POLYHALIDES 


If we adhere to the common practice of organics 

compounds as derivatives of the hydrocarbons, w-.. may define 
an alkyl halide as a compound which is derived from a saTural.edi 
hydrocarbon through the substitution of a halogen atom for u, 
hydrogen atom. The. general formula for such a crjinpound is 
RX. Actually the alkyl halides are usually made from alcohols 
by substituting a halogen atom for the hydroxyl grim]). When 
we speak of a compound as a derivative of a h>’drocari>on we do 
not mean that the compound is necessarily made from the 
hydrocarbon; the statement merely emphasixe.s a slruclural 
relationship that exists between the compound under considera- 
tion and a hydrocarbon. 

Many alkyl chlorides and bromides are made directly from 
the corresponding hydrocarbons by treatment wiili <;hIorine and 
bromine respectively, but the process gives rise to a mixture of 
substitution products. The reaction does not. sto’[i when one 
hydrogen atom has been replaced, and it is not always easy to 
separate the products formed. (See the e((uation,s reiu’c.senting 
reactions between methane and chlorine, p. IL) 

The reaction of fluorine on a hydrocarbon cannot be con- 
trolled with sufficient certainty to make it a profitable method 
for the production of an alkyl fluoride. The reaction always 
leads to the formation of large amounts of free carbon. Indirect 
methods are used in making alkyl fluorides. Silver fluoride 
and an alkyl iodide may be used for this purpose : 

C2H5I + AgF ■— > C2H5F -f AgT. 

No important industrial uses have been found for the alkyl 
fluorides. 

Alkyl chlorides, bromides, and iodides may be prepared 
through the action of a phosphorus halide on an alcohol : 

8 C2H5OH + PCI3 — >• 3 C2H5CI + H,PO,, 

3 C2H5OH + PBrs 3 C2H5Br + H3PO3, 

6 C2H6OH + 2 P -f 3 Is 6 C2H5I + 2 HaPOa. 

■ , 52 
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Phosphorus pentachloride may be substituted for the tri- 
chloride : 

C2H5OH + PCI5 C2H5CI + POCI3 + HCL 

Alcohols and phosphorus halides are capable of reacting in 
more than one way, and products not indicated by the above 
equations are formed. This is especially true when phosphorus 
trichloride is used. Typical reactions are represented by the 
following equations : 

C2H5OH + PCI3 — > C2H5OPCI2 + HCl, 

3 C2H5OH + PCI3 — >■ P( 0 C 2 H 5)3 + 3 HCl. 


When the same reagents are capable of yielding different prod- 
ucts it is the task of the chemist to find conditions that favor 
the desired reaction. 

An alkyl chloride, bromide, or iodide may be made through 
the addition of the proper h57^drogen halide to an unsaturated 
hydrocarbon : 


CH 2 =CH 2 + HBr CHs— GHaBr, 

Ethylene Ethyl bromide 


CHa— CH=GH2 + HI 

Propylene 



rCHs— CHa— CH2I 

I Propyl iodide 

CHr~~CHI--CH» 

t Isopropyl iodide , 


Hydrogen chloride does not form an addition product with an 
unsaturated hydrocarbon as readily as does hydrogen bromide 
or hydrogen iodide. The rate of addition of a halogen acid is 
faster with the higher members of the series of unsaturated 
hydrocarbons than with ethylene. 

Alkyl chlorides, bromides, and iodides may be made through 
the action of a halogen acid on an alcohol : 


C2H3OH + HX — 3 ^ CMrX + H2O. 


This reaction proceeds smoothly with HI, and less readily with 
HBr. When HCl is the acid employed it is usually necessary 
to add a catalyst (ZnCl') and to heat the mixture in an auto- 
clave or in s sealed tube. The halogen acids react more readily 
with tertiary alcohols than with primary compounds. The re- 
action between an alcohol and a halogen acid is a reversible 
process. If the mixture is heated in a sealed tube to prevent the 




54. THE GARBON GOMPOrXDS 

escape of volatile products, an equili!)rium is c>l;ihli<hed Im- 
tween the reagents and the products formed : 

ROH + HBr :;z±; RBr + H-,0. 

A reversible reaction reaches equilibrium when the rate of traio-formation 
in one direction is exactly equal to the rate of chanKo hi tto reviTro- order. 
Representing the molal concentration of the alcohol by v, that of riu* acui liv 
6, and the moles per liter of alkyl halide and water by c urol vL n'-siKMdiveiy, 

equilibrium is established wdien ^ = k. For every reversibli- reaction there 
is a definite numerical value of k, the equilil.irium conKlaru. wMclj can be 
determined experimentally. With k known, the ecjuation afi'ords a nn anr 
of estimating the quantity of each product that will be {crined from anj' 
given mixture. 

At the beginning of the reaction indicated above, c and il are equiil lu 
Kero and the reaction proceeds from left to right only. As s(,(ou as c and a 
reach finite values the reverse reaction begins, and it continues with increas- 
ing velocity as the product cd increases. The velocity of the forward reac- 
tion is retarded as the product ab diminishes, until the value of k i.'-- reached. 
If X is the number of moles of ROH transformed in tinn^ f, it Ls also the num- 
ber of moles of HX used, and the velocity constant, ki, i.s given by the dif- 
ferential equation , 

fly 

-^~ki{a — x){h — x). 


The apparent rate of change in either direction at any instant is the differ- 
ence between the rates of the two oppo.sing reactions, and at equilibrium 
the apparent rate of change is zero. The system has not reached a static 
condition, however. Both reactions are going on, but with wjual velocities. 
The equilibrium constant, k, is a ratio between the velocity constants of 
the opposing reactions : 
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In other words, the specific gravity of an alkyl halide is roughly 
proportional to the per cent of halogen in the molecule. The 
alkyl halides are almost insoluble in water, but they dissolve 
readily in alcohol, ether, benzene, and other organic solvents. 
They do not ionize as pure liquids nor in solution, yet they take 
part in many types of reactions that involve the removal of 
the halogen and substitution of other elements or groups. Most 
of these reactions are slow, incomplete, and reversible. There 
is a lack of uniformity in the behavior of these compounds. 
Ethyl iodide, for example, reacts promptly with silver nitrate, 
yielding a precipitate of silver iodide. Alkyl iodides of higher 
molecular weights either fail to react with silver ions or do so 
very slowly. Alkyl halides are hydrolyzed to alcohols by pro- 
longed boiling with aqueous potassium hydroxide. A hot con- 
centrated alcoholic solution of potassium hydroxide converts an 
alkyl halide into an unsaturated hydrocarbon if the structure 
of the halide permits the removal of hydrogen and halogen 
from adjacent carbon atoms. 

A halogen derivative of an unsaturated hydrocarbon in 
which the halogen is attached to a saturated carbon atom acts 
like an alkyl halide in so far as the behavior of the halogen atom 
is concerned. Allyl bromide, CH 2 —CH — CH^Br, 3-bromo- 
propene-1, a liquid boiling at 71®, is derived from allyl al- 
cohol and pihosphorus tribromide. It is hydrolj'zed to allyl 
alcohol by aqueous alkalies and responds to all the reactions 
that are common to alkyl bromides. On the other hand, 
2-bromopropene-l, CH 2 — CBr — CH 3 , a liquid boiling at 48®, 
is not hydrolyzed to the corresponding alcohol by treatment 
with alkali. It is difficult to remove a halogen from a carbon 
atom which is attached by two bonds to another carbon atom. 
However, vinyl bromide, CH 2 ~CHBr (b.p. 16°), is converted 
into acetylene by either alcoholic or aqueous potash. It does 
not jdeld an ether when heated with an alcoholate. (See page 63 
for the corresponding reaction of an alkyl halide.) 

The group CH 2 ”CH — is known as the vinyl radical. 
Vinyl bromide is made by treating ethylene dibromide with an 
alcoholic solution of potassium hydroxide. Continued treat- 
ment with the same reagent results in the production of acety- 
lene. Vinyl chloride (b.p. — 18°) is made in the same way from 
ethylene diehloride. Vinyl alcohol is unknown (see the discus- 
sion of unsaturated alcohols on page 50). 



Tertiary b\5tyln';!-iUy1 . ■ 
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Ethyl dilafide is prepared in large quantities for use as a 
local aiuesthetie. It is placed on the market in small glass 
tubes, each pro\dded with a capillary opening, from which the 
liquid is sprayed upon the tissue to be frozen. The anesthesia 
is produced, not by \irtue of any chemical property of ethyl 
chloride, but merely by chilling caused by the rapid absorp- 
tion of heat from the tissue by the very volatile liquid as it 
vaporizes. 

Methylene chloride, CH 2 CI 2 , is a liquid which boils at 40° and 
has a density of 1.337 g. per cubic centimeter. It is made from 
chloroform by reduction with zinc and hydrogen chloride in 
alcohol. 

Methylene iodide, CH 2 I 2 , is obtained by reducing iodoform 
with hydrogen iodide and red phosphorus : 

CHI3 + HI — > GHoIo + I2. 

Iodoform Methylene 

iodide 

Phosphorus combines with the iodine and, in the presence of 
moisture, regenerates h 3 ^drogen iodide. Methylene iodide is a 
very heavy liquid (density == 3.292 g. per cubic centimeter at 18°). 

Chloroform, CHCL (m.p. -- 70°, b.p. 61°), is a heavjq color- 
less liquid possessing an agreeable odor and a sweet taste. It 
produces a burning sensation in the mouth. It is an excellent 
solvent for fats and nianj'' other tyjies of compounds. It is 
still used extensively as an anmsthetic. Its effect upon the 
heart, however, renders its use dangerous in some cases. 

Chloroform is prepared by distilling alcohol with a hspo- 
ehlorite. Bleaching powder is a cheap source of hypochlorite ion 
and is commonly used. The alcohol is first oxidized to acet- 
aldeh 3 ’'de, CH3GHO, which in turn is converted into trichloro- 
acetaldehyde, GGI3CHO. Trichloroacetaldehyde (c7dofa7) is 
hydrolyzed by a hot aqueous solution of any base, the products 
being chloroform and a salt of formic acid. It is assumed that 


the following reactions occur : 



CH3GH2OH -{- CIO- 

- CH3CHO + Cl- -f H2< 

0; 

CH3GHO -h 3 CIO- — ^ 

- CeLCHO-l- S GH-; 


CCLCHO + OH---^ 

- CHCL HGOO-. 

. ■ : /(S) 


A bond between carbon atoms is not severed by hydroly-sis 
except in cases of this type, where the two carbon atoms are 
bound to electronegative atoms. 
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Acetone may be substituted for alcohol as a source of chloro- 
form, the by-product in this case being a salt of acetic acid : 

CH 3 COCH 3 + 3 CIO- GH 3 COCCI;: -f- 3 OH - ; (1) 

CH 3 COCCI 3 -h OH- -— »■ CH 3 COO- T CHCl.j. (2) 

There is no positive proof that the above equations tiecurately 
represent the paths followed in the production of ('liioroforni 
from alcohol and from acetone. Chloral, CC'lyCHf), a colorless, 
oily liquid, can be obtained from alcohol by treatment with 
free chlorine. In the absence of hydroxide ions it is not. hydro- 
lyzed to chloroform. Chloral combines witli water, forming a 
hydrate, CCl 3 CH(OH) 2 . This is a colorless crystalline solid 
which melts at 57°. When warmed with sulfuric acid the hy- 
drate loses water, and free chloral is obtained by distillation. 

In the presence of an alcoholic solution of a base, chloroform 
acts on primary amines, forming isocyanides or e.arbylamines. 
These compounds are characterized by disagreeable odors, 
detectable in extremely small quantities. The reaction affords 
a qualitative test for chloroform or for a primary amine ; 

CHCI3 + 3 KOH + C6H5NH2 CoH-iNG + 3 KGI -f 3 H^O. 

Chloroform Aniline Phenyl 

isoeyanidfi 

When exposed to light and air chloroform is slowly oxidized 
to phosgene and other products : 

CHCI 3 + 1 O 2 COCI 2 + HCh 

Vigorous oxidizing agents, such as chromic acid and perchloric 
acid, rapidly bring about the same change. 

Bromoform, CHBrs (m.p. 7.8°, b.p. 150.4°, sp. gr. 2.9), is 
made from acetone or alcohol through the action of bromine 
and a base. 

Iodoform, CHI3 (m.p. 119°), is prepared from alcohol by treat- 
ment with iodine and potassium carbonate. Pote^sium hyx>o- 
iodite, formed by the action of the carbonate on iodine, is 
the active reagent. Acetone or any other ketone ha\dng the 
CH3CO — group may be substituted for alcohol : 

CHs • CO . CH3 + 3 KOI CHs • COOK -f CHI3 + 2 KOH. 

Iodoform crystallizes in yellow plates. It has a persistent 
odor, resembling that of saffron. It has antiseptic properties 
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and is used as a germicide. It is .soluble in alcohol and ether 
but insoluble in water. 

Iodoform yields crystalline addition products with amines* 
corresponding to the formulas RNHs • C.HL„ (RNHOoCHIs, 
and tRNHojaCHLi. Their formation is catalyzed by light, 
Chloropicriu, or nitrochloroform, CCI 3 NO 2 , a colorless liquid 
(b.p. 112°, sp. gr. 1.692 at 0°), is prepared from chloral and 
nitric acid. Its vapor attacks the mucous membrane of the eye, 
and it has been xised as a lachrymator in gas warfare. It 
explodes when heated. It is reduced by iron and acetic acid 
to meth^damine: 

CCl3N02 + 6B'’e + 9H+ 

— > CH3NH2 + 6 Fe+++ 3 C1-+ 2 H2O. 

Civrhon tetrachloride, CCI4, is made from carbon disulfide by 
treatment with chlorine : 

CS2 + 3 CI2 — »• CCb + S2CI2. 

The sulfur chloride is removed by shaking the mixed products 
with a solution of .sodium hydroxide, or it may be used as a 
.source of chlorine by boiling it with an excess of carbon disul- 
fide. Sulfur is precipitated, and an additional ydeld of carbon 
tetrachloride is obtained : 

CSo + 2 S2CI2 -->■ CCI4 + 6 S. 

Carbon tetrachloride may be made also by passing chlorine 
gas into hot chloroform. It is decomposed by hot alcoholic 
potash : 

CGI4 + 6 C2H5OK + 3 HoO — > K2CO3 + 4 KCl -j- 6 C2H5OH. 

It is used as a solvent and as a fire extinguisher. 

Ethylene chloride, CH 2 CI * CH 2 CI, is prepared by the action 
of chlorine on ethylene. Ethylene gas is pa.ssed into a warm 
mixture of manganese dioxide, sodium chloride, and 60 per cent 
sulfuric acid. 

Ethylene bromide, GH 2 Br - CHoBr (m.p. 10°), is usually pre- 
pared by pas.sing ethylene into bromine under water. The 
action is catalyzed by sunlight. The product is a colorless, 
oily liquid almost insoluble in water. 


* Dehn and Conner, J. Am. Chem. Soc., 34, 1409 (1912). 
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Ethylene iodide, GH 2 I • CH^I (ni.p. 82°), is made by the 
action of ethylene on a paste of iodine in alcohol. 


Paraffin Polyhalides 


Ghlokiues 

BRiaSlIMiS 

Name 

I’ormula 

Boiling 

Point 

Forsnula 

HoHiP" 

I’oin), 

Methylene chloride 

CH 2 CL 

+ 40.1'' 

■CHaBra 

- 1)7 ,S‘ 

Chloroform . , . . . 

OHGls 

61.2° 

GHBra 

IVi.l 

Tetrachloromethane . 

CCk 

. 76.8“ 

CBr.j 

shh.r) 

Ethylidene chloride . 

CH.i • CHCis 

57.r 

cm • GHBra 

no- 

Ethylene dichlorido . 

CI-I 2 CI • CH 2 CI 

83.7“ 

CHaBr • CflaEr. 

j.il.7 

Vinyl trichloride . . . 

CHcCl . CHCL 

118.5“ 

CHaBr ■ CHBrs 

3 ; 

Methyl chloroform . . 

CII:i ■ ecu 

74.1'' 

CH:,! • CBrs 

- 

Acetylene tetrachlorid e 

OHCL • CHCI 2 

146..8“ 

GHBra • GHBra 

nr 

Pentaehloroethane . . 

CIICI 2 • CGIs 

162° 

CHBra • CBrs 

: ‘G 

IIuxachlDroetharie . . 

CCI 3 • CCI 3 

185° 

CBra ■ CBr.-i 

210 

Propylidene chloride , 

CHs • GHa • CHGla 

, 87° 

Gir-; • Giij ■ (Tilhv 

i.iO" 

1, 2-DichloropropanB . 

CHri • OHGl • CH 2 CI 

96.8° 

GUi-GirBr-GH |i>- 

lUG 

Trimethylene chloride 

(n-LGl • GH 2 • GH 2 GI 

12.5° 

rii.inr-GiL-iTl.U" 

307 


The alkyl halides are used as sources of many lypes uf ttryanic 
compounds. We have already considered tlu'ir uses in the 
preparation of hydrocarbons and alcohols. Some of tlm fyj■)(^s 
of compounds that may be made from alkyl halides are imiieat ed 
below ; 

Alkyl cyanides : 

HX + KCN —>• RCN + KX 

Alcohols : 

RX + KOH — ^ ROH 4- KX 
Magnesium alkyl halides: 

RX + Mg— >RMgX 

Zinc alkyls: 

2 RX 4 2 Zn ZnR. 4 ZnXg : 

Mereaptans: 

RX4KSH— ^RSH4KX 

Ethers' : 

RX 4 RONa ROR 4 NaX 

Thioethers : 

RX 4 RSNa RSR 4 NaX 

* At 13 mm, Hg pressure. 


Hydrocarbons (saturated) : 

EX + H2 + (Ni or Pt) RH -f HX 

2 RX + Zn (or 2 Na) RR + ZnXa (or 2 NaX) 

RMgX -f H2O RH + MgXOH 

Hydrocarbons (unsaturated) : 

aj-l2«+iX + KOH (in alcohol) CnHsn + KX + H2O 
Amines : 

tail lab 



ETHERS 


The aliphatic ethers are alkyl oxides corresponding to the 
general formula R • 0 • R^ The two alkyl radicals may be alike 
or different. The ethers of low molecular weight are derived 
from alcohols through the elimination of one molecule of 
water from, two molecules of alcohol. Thus, from method alccj- 
hol we obtain dimethyl ether and from ethyl alcohol diethyl 
ctiiGi* * 

2 CH3OH CHs • 0 • CHa + H2O. 

2 C2H5OH — C2H5 • 0 • C.Ho + H2O. 

Preparation. 1. The formation of an ether from an alcohol 
by treatment with sulfuric acid is aecornplislied in two .'Stages. 
In the first step sulfuric acid combines with the alcohol, form- 


ing an alkyl sulfuric acid, and in the second step tliis intermedi- 
ate product reacts with more alcohol, forming an ether and 



regenerating sulfuric'acid. Thus, in the preparation of ordinary 
ether from ethyl alcohol, we have 

C2H5OH -(- HaSOj CoEiHSO^ + IhO ; ( 1 ) 

Ethyl Rulfurie a<;id 

C2H5HSO4 + C2H5OH — > CsIE • 0 ■ C.Hr, + H 2 S()i. (2) 

Diathyi ether 

In the practical procedure the alcohol and acid are mixed in 
molecular proportions and heated in a distilling flask to 
More alcohol is then allowed to flow into the mixture as rajndly 
as ether distills out. 

Only ethers of low molecular weight can be made in this 
manner, for the alcohols having more than three carbon atoms 
all react with sulfuric acid to form unsaturated hydrocar]>ons. 
At higher temperatures the alcohols of low molecular weight 
also yield misaturated hydrocarbons. At 165° ethyl sulfuric 
acid is decomposed, with the production of ethylene; hence it 
is important to control the temperature in the manufacture 
of ether* 
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The siilfuiie add used in equation (1) is regenerated in 
the second step, ( 2 ), and the process can be carried on without 
interruption until approximately fifteen times as much alcohol 
as repi'esented in equation ( 1 ) has been used. The reaction 
finally stops on account of dilution with the water formed. 
Sulfur dioxide and other by-products are formed in small 
amounts, owing to oxidation of some of the alcohol by the hot 
sulfuric acid. Ethyl sulfuric acid reacts w-ith water as follows : 

CtdisHSO.! -f HOH CaH.OH + H0SO4. ( 3 ) 

This is a reversal of equation ( 1 ). The velocity of reaction (3) 
increases as the concentration of water in the mixture increases. 
It gradually approaches the velocity of the reverse process ( 1 ), 
and finally a practical limit is reached beyond which it is not 
economical to force the reaction by further additions of alcohol. 

A mixed ether (that is, one containing two different alkyl 
radicals) can be made by forming the alkyl sulfuric acid with 
one alcohol and mixing the product wdth another alcohol before 
distilling: 

C^Hr.OH + H2SO.1 C2H5HSO4 + H2O ; 

CH.OH + C2H5HSO4 CH3 ■ 0 • -j- H2SO4. 

Methylethyl ether 

The process, liowever, fields more than one ether. In this 
case dimethyl ether and diethyl ether are contaminating by- 
X)roducts of tlie reaction. 

2. An ether is formed when a mixture of an alkyl halide and 
an alcoholate is distilled : 


C2HrJ4- C.,HrONa — > CaH.^ • 0 ■ C^Hr-f Nal. 


This is the most satisfactory method for making ethers of high 
molecular weight. 

3. Ethers have been made by heating alkyl halides with 
silver oxide. ; 

2 Cali.a + AgaO C 2 H 5 • O . C 2 H 5 + 2 Agl. 


This method has no ijractical value. 

4. Phosphoric acid may be substituted for sulfuric acid in 
the preparation of an ether from an alcohol of low molecular 
weight. 
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Ethers 


NAMIi! 

FOIiMULA 

BoieiNG Point 

Sf’E€l!'iC (^KAViTV 

Dimethyl ether . . . . . 

CHs- 

G" 

CHs 

_ 24.9” 



Methylethyl ether . . . 

CHs- 

0 • 

C 2 H 5 

+ 7.9” 

0.725 


Diethyl ether ... . . 

C 2 H 5 

•0 

•C 2 H 5 

34.6° 

0.714 

120 °.) 

Methyl-w-propyl ether . 

GH 3 • 

0- 

C 3 H 7 

38.9° 

tl.l-i i 

lO°! 

Methyl-tsopropyl ether . 

CHs- 

0- 

C 3 H 7 

32.5° 


(20'') 

Ethyl-K-propyl ether . . 

C 2 H 5 

•0 

• C 3 H 7 

61.4° 

0.732 

(20°) 

Ethyl-isopropyl ether . . 

G 2 H 5 

*0 

C 3 H 7 

54° 

0.74,5 

(0°) ; 

Dipropyl ether .... 

CsHr 

•0 

C.sH7 

89° 

0.763 


Di-isopropyl ether . . . 

C 3 H 7 

•0 

C.sH7 

69° 

0.743 

(0°) 

Ethyl'H-butyl ether . . . 

C 2 H 5 

'0 

C. 1 H 9 

91.4° 

0.769 

(0°) 

Ethyl'isobutyl ether . . 

C 2 H 5 

•0 

C.!Hs 

80° 

0.751 

(20") 

Ethyl tertiary butyl ether 

C 2 H 5 

•0 

•C 4 H 9 

141° 

0.7S4 

(0°) 

Di-n-birtyl ether .... 

C 4 H 3 

•0 

C 4 H 9 

140.9° 

0.769 

(20°) 

Di-isobutyl ether .... 

C. 1 H 0 

•0 

•C 4 H 9 

122.5° 

0.762 

(20°) 

Di-isoamyl ether .... 

CsHii 

•0 

• CsHn 

172.2° 

0.7S1 

C15°'i 


Properties. With the exception of the first two members, the 
ethers included in this table are colorless liquids- Some higher 
members of the series are solids. They are all lighter than 
water and very slightly soluble in water. They are soluble in 
alcohols, hydrocarbons, chloroform, and other organic liquids. 
There are very few general reactions of the ethers, for they 
are inert compounds. They are not attacked by alkalies nor 
by the free alkali metals. They are unaffected by cold ijhos- 
phorus pen tachloride, dilute acids, and mild oxidizing and 
reducing agents. 

Hot concentrated nitric acid or chromic acid converts an 
ether into the same oxidation products that would be obtained 
from the corresponding alcohol. Prolonged heating vdth con- 
centrated sulfuric acid converts diethyl ether into ethyl sul- 
furic acid, with the ultimate production of ethylene: 

(C 2 H 5)20 + 2 H2SO4 — 2 C2H5HSO4 -f H2O ; 

C2H5HSO4 > C2H4 + H2SO4. 

The decomposition of an ether is much more readily accom- 
plished through the action of hot hydrogen iodide : 

rOR + HI—vROH + RI; 

ROH-f HI~~^HOH + RI. 

ether. Diethyl ether is the most important represent- 
ative of the group. It is manufactured from alcohol and 
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sulfuric acid in large quantities for use as an anaesthetic and 
as a solvent for organic compounds. It is freed from sulfur 
dioxide by washing it with an aqueous alkaline solution. The 
commercial product usually contains small quantities of alco- 
hol and water. When pure ether is required, the washed ether 
is shaken with granular calcium chloride to remove most of 
the water and alcohol and then allowed to stand in contact 
with sodium wire as long as hydrogen is evolved. It is then 
distilled under anhydrous conditions. 

Ethyl ether is a light, colorless, mobile liquid. It dissolves 
in 11.1 times its own volume of water at 25°. Ether at the 
same temperature dissolves 2 per cent of its own volume of 
water. On account of its high vapor pressure at ordinary tem- 
peratures and the fact that its vapor forms an explosive mix- 
ture with air, ether must be kept away from flames. 

Metki/ktl (methylene dimethyl ether or dimethoxy methane), 
CHs ■ 0 • CH2 • 0 • CH;), is made by the action of sodium 
methylate on methylene iodide : 

CH2I2 + 2 CHsONa ■— > CH2(0CH3)2 + 2 Nal. 


It is a colorless liquid having a pleasant odor. It boils at 44° 
and solidifies at — 105°. Methylal is miscible with alcohol and 
ether in all proportions, and it is very soluble in water. 

Dioxane. Dioxane (1, 4~dioxane) is made by heating ethylene 
glycol with sulfuric acid or with zinc chloride. The compound 
corresponds to the following structural formula : 

/CH2— CHav 
0 < >0 
NCHo—CH./ 


It is a colorless liquid which boils at 101.5° and freezes at 11.7°. 
It is a good solvent for many classes of compounds, including 
the cellulose esters that are used in the manufacture of lacquers 
and artificial silk. Dioxane can be freed from water by treat- 
ment with lime or metallic sodium. 


Cellosolres. Products formed from ethylene oxide and al- 
cohols are sold under the trade name of cellosolve. The reac- 
tion bctwx^en ethyl alcohol and ethylene oxide proceeds as 
folkwvs * ('’iq 

" '')>0 + C2H5OH 


CH2'' 


CHoOH 

CHo—O- 





ALDEHYDES AND KETONES 

Primary alcohols are converted by oxidation into aldehydes 
without loss of carbon. The aldehyde molecule differs in com- 
position from the corresponding alcohol by two hydrogen 
atoms. The properties of alcohols that depend upon the hy- 
droxyl group are lacking in aldehydes. They contain no 
hydrogen that is replaceable by metals. Phosphorus penta- 
chloride acts upon the aldehyde molecule, replacing oxygen 
only, and for each atom of oxygen removed two atoms of 
chlorine are introduced : 

C 2 H 4 O -f PCI 5 — >■ C 2 H 1 CI 2 + POCl:s. 


Evidently the hydroxyl hydrogen of the alcohol is one of the 
two atoms removed by oxidation. The — CHiiOH group of 

M 

the alcohol is thus converted into — C/ • In a similar inan- 

X) 

ner ketones are formed from secondary alcohols; the group 
— CHOH— is converted into —CO-—. Aldehydes ami kelon(?H 

have in common the group known as tlie carbonyl 

group. In ketones two valence bonds of the carbonyl group 
are attached to carbon radicals. Mfn aldehydes one bond is 
attached to hydrogen, and (except in the case of formaldehyde) 
the other is held by a carbon radical. The general formulas are 


Aldehyde 


>c-o. 

R'/ 


iSilSSfvivS'''; 

t?' 


Nomenclature. The aldehydes are named from the acids 
which they produce when oxidized. Formaldehyde, or formic 
aldehyde, ^ H • CHO, is the member of the series from which 
formic acid may be derived. Acetaldehyde, or acetic aldehyde, 
CH 3 • CHO, yields acetic acid when oxidized. 
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Ketones are named from the radicals attached to the car- 
bonyi group. Thus GH 3 • CO • CHs is dimethyl ketone, and 
CH3 • CO - CH(CH 3)2 is methylisopropyl ketone. 

According to the Geneva system an aldehyde is named 
from the hydrocarbon that has the same number of carbon 
atoms in the longest continuous chain. The final e of the 
hydrocarbon name is changed to al to indicate the presence of 
the aldehyde group. Thus H • CHO is methanal, CHs • CHO is 
ethanal, and so on. A ketone is named by changing the final e of 
the name of the corresponding hydrocarbon to one. A number 
following the suflix one, or immediately preceding the name 
containing this suffix, indicates the position of the carbonyl 
group ; for example, CH3 • CH2 • CO - CH2 • CHs is pentanone-3 
or 3-pentanone, and (CH3)2CH • CH2 - CHs • CO • CHs is 
5~methyI-hexanone-2 or 5-methyl-2-hexanone. 


Aldehydes 


■ Name 

FORMtJLA 

Melting 

Point 

Boiling 

Point 

Specific 

Gravity 

F<,ifm;.il<ifhyiip 

HCHO 

-92“ 

- 21 ° 

0.815 (- 20°) 

AfPtaidpliyrir- 

CH 3 CHO 

- 123.5° 

4- 20.2° 

0.781 (20°) 

J’runiuimlcli'hydp 

C 2 H 5 CHO 

- 81° 

48.8° 

0.807 (20°) 

Nwrnul biuyraltiohyde . . . 

C.-?H7CH0 

- 99° 

75.7° 

0.817 C20°) 

Isiibutvrahk'hydo 

C 3 H 7 CHO 

- 65.9° 

61° 

0.791 (20°) 

Nurnv.d vidr-raldtiiiydp . . . 

GiHsCHO 

— 

103.1° 

O.SIO (11°) 

Lsovidrrabbdiydt' 

C,jb{.,)C110 

- 51° 

92.5° 

0.798 (20°) 

Triund.liybu'.ataldohyde . . 

C’aj.jCHO 

+ r 

7.5° 

0.793 (20°) 

Undocanab.lahvdf,* 

CKdliiCHO 

-4° 

117° * . 

0.82,5 (23°) 


Ketones 


■ NAME' 

. 

FtiUMULA 

Melting 

Point 

Boiling 

Point 

Specific 

Gravity 

Acetone 

CH.>iCOCH3 


4-56.1° 

0.791 (20°) 

Methylethyl ketone . . 

CHaCOCsHs 


79.6° 

0.805 (20°) 

Diethyl ketone .... 

C2Hr,COG2H5 

-42° 

101.7° 

0.821 (15°) 

Midhyiiiropyl ketone . , 

CHaCOCsH? 

- 77,8° 

101.8° 

0.808 (20°) 

Dinropyl ketone .... 

CnIDCDGaH? 

- 32.6° 

143.5° 

0.820 (20°) 

Di~isoj>ropyi ketone, . . 

C 3 H 7 COC 3 H 7 

— 

123.7° 

0.806 (20°) 

Dipentyl ketone .... 

C.aiiiCOC5Hn 

+ 14.6° 

226.3° 

0.826 (20°) 

Dihexyl ketone .... 

C„H,.3(dDCfiHi3 

4- 80.5° 

264° 

0.825 (30°) 

Meth.vUiexyl ketone . . 

CHsCOCflHia 

- 21.6° 

172.7° 

0.820 (16°) 

Methyloetyl ketone . . 

CH«COCsHi7 

4- 3.5° 

211° 

0.825 (20°) 


* At 18 mm. pressure. 
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Preparation. Aldehydes and ketones may be pieparecl by 
the following methods : 

1. Dry distillation of a salt of an organic acid results in the 
formation of a ketone : 

2 CHs • COONa — »■ CHs • CO • CHs + Na2C0:i. (1) 

Sodium acetate Acetone 

Methylethyl ketone is made by distilling a mixture of sodium 
acetate and sodium propionate : 

CHs • COONa+ C 2 H 5 • COONa 

Sodium acetate Sodium propionate 

CHs ■ CO ■ CsHs + NasCOa. (2) 

Methylethyl ketone 

Mixed products are obtained from reactions of mixed salts, 
for a ketone may be formed from any two salt molecules. In 
addition to methylethyl ketone, formed as indicated in equa- 
tion ( 2 ), the same mixture of salts jdelds dimethyl ketone and 
diethyl ketone. A mixture of a formate with a salt of another 
organic acid may be distilled to produce an aldehyde : 

H • COONa + CH 3 • COONa —>• CH 3 • CHO + Na^GO;}. 

Formaldehyde and acetone are by-products in this reaction. 

2. Alcohols are oxidized by dichromate ion in acid solution 
or by an acid or alkaline solution of permanganate ion. A 
primary alcohol yields an aldehyde ; a secondary alcohol yields 
a ketone : 

3 RCH 2 OH + 2 Mn 04 - + OH- 

3 RCHO + 2 MnO. + 3 OH- + 2 .H 2 O. 
5 RCH 2 OH + 2 Mn 04 - + 6 H+ 

*-->5RCH0 + 2 Mn+-i--f 8 H 20 c^^^^ 

5 R— CHOH—R -h 2 Mn04- + 6 H+ 

5 R--CO--R + 2 Mn-^- + + 8 H 2 O. 

The reactions of aldehydes and ketones depend upon the 
activity of the carbonyl group. Acetaldehyde, CHy. ■ CHO, 
and acetone, GH 3 • CO • CH 3 , are typical represeiitati\ es of 
the two classes, and the formulas of these compounds are used 
in the following equations, which represent general rea<‘tions. 

Addition reactions. Many reagents form addition products 
with aldehydes and ketones by breaking the double bond be- 
tween carbon and oxygen in the carbonyl group. The negative 
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radical of the reagent attaches to the carbon atom, and the 
positive atom or group combines with the oxygen. 

Hydroeymiic acid. A eyanhjYlrin is formed by the direct 
addition of hydrogen cyanide to an aldehyde or ketone : 


aO /OH 

CH3~~C< + HCN CHa-Cf CN 

\h 

OH 

CHs— GO— CH3+ HCN — CHs— C— CHa 


CN 


A cyanli 3 ^drin is a compound in which there is a cyanide radical 
and a hydroxyl gi'oup attached to the same carbon atom. 
This reaction is important, for it affords a means of introducing 
a new carbon atom into the molecule. The addition product 
may be used in the sjmthesis of other classes of compounds. 
The — CN group is easily hydrolyzed to — COOH, gdving rise 
to an acid, or it may be reduced to — CH 2 NH 2 , jdelding an 
amine. 


Aurmoi/ia,. Ammonia combines with aldehj'des, forming 
addition productis analogous to the compounds formed by ad- 
dition of hy<]rocyanie acid. The procedure in the case of vola- 
tile aldehydes is t:o pass the vapor, mixed with ammonia gas, 
into cold ether. The aldehj'de ammonia is precipitated in 


crystalline form : 

/H 

CH.— C/ + HNHa 
^0 


Ai 

->■ ChL-CeNH-> 

\0H 


Aldehyde ammonia 


Aldehyde ammonias, like the free aldehydes, have a tendency 
to polymerize. Acetal dehjTle ammonia, as ordinarily prepared, 
has the formula (CH 3 CTiOHNH 2 ) 3 . These compounds are de- 
composed ])y acids, the aldehydes being z’egenerated. Ketones 
fail to form addition products with ammonia. Formaldehyde 
is exceptional in its behavior with ammonia. It forms a basic 
substance known as hexamethylenetetramine : 

6 HGHO + 4 NH;} — >■ (CI-DgNi + 6 H 2 O. 

The Grignard reagent. Magnesium dissolves in an ether solu- 
tion of an alkyl halide, forming an alkyl magnesium compound, 
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RMgX, commonly called the Grignard reagent i!i«' su't'iion 
on the Grignard Reaction, p. 395). Alkyl magne^inin njilido.-, 
form, with aldehydes and ketones, addition ni-cKjuci.'- 
may be hydrolyzed to produce alcohols. In this wax lormaluo" 
hyde may be used in the preparation of a i>riinary .•jh-uhol. 
Any other aldehyde gives rise to a secondary alcnjiol. ami 
ketones are converted into tertiary alcohols : 


H-CHO +RMgX- 

Fomaidehyde 

H-Cf-OMgX + HOH- 
XR 

CH, . CHO + RMgX - 

Acetaldehyde 

CHa-Cf-OMgX + HOH 

\r 


CIH 


CH 

Acetone 


>C : 0 + RMgX — >G< 


/H 

■^H-G:^OMgX 

\r 

^R.CH.OH + MgXOH. 

Primai’y alcohol 

Ai 

-^CHs-CeOMgX 

\R 

/H ' 

~>-GH3-CfOH + MgXOH. 

Secondary alcohol 

CH. 


CHs. /OMgX 

yc/ -h HGH 
CH3/ Nr 


CIUv /OH 

Vr -1-MgXOH. 
CH./ Ai 

Ternary ah^ohol 


Bistdfites. Sodium hydrogen sulfite forms a crystalline ad- 
dition product with all aldehydes and with ketones in which a 
methyl radical is attached to the —GO— group: 


CHs-CHO + NaHSOa 


CH3 * C^- OH 


>SO;.Na 


The aldehyde may be regenerated by distilling the solid 
addition product with sodium carbonate or by heating it witli 
an acid.* 


* For discussions concerning the structure of the bisulfite ad(Iit!<m protluet see 
G. Schroeter. Ber., BIB, 1616 (1928), and P. Raschig and W. Pruhl. Ann., 448. 
265 (1926), 
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Alilol cofidensatwn.'^ In the presence of sodium ethylate, so- 
dium acetate, potassium carbonate, or hydrogen chloride, ace- 
taldehyde condenses to form a compound having twice the 
molecular weight of the original aldehyde. The compound con- 
sists of two aldehyde molecules, chemically combined, and is 
known as aldol. The reaction involved is similar to the addi- 
tion of liCN or NaHSO.!. Hydrogen attaches to the carbonyl 
oxygen, and the residue of the molecule becomes attached to 
carbon : 

/O /OH 

+ CH:, • CHO — CH3— C—CHa—CHO. 

\h 

Aldol 

Similar condensations of other aldehydes have been induced. 
Invariably it is hydrogen on the oi-carbon atom (that is, on the 
carbon atom adjacent to the — CHO group) which takes part 
in the reaction. 

Propionaldehyde, under the influence of dilute alkali, con- 
denses as follows : 

CHr-CH2-~GHO + CH3~CT2— CHO 

H 

- 5 - CHs— CH2— C— CH— CHO. 

1 1 

OH CH3 

Aldehydes having no hydrogen attached to the a-earbon do not 
undergo the aldol condensation. 

Wlien an aldehyde is treated with a concentrated solution 
of an alkali, condensation does not stop with the production 
of an aldol; Colored resinous substances of unknown struc- 
tures are formed. Formaldehyde, however, does not resinify 
when warmed with a concentrated solution of a base. Under 
this treatment half of the formaldehyde molecules are oxi- 
dized to formic acid and half are reduced to methyl alcohol : 

2 ECHO + NaOH HGOONa + CH 3 OH. 

* Condensation is a term applied to a variety of reactions in which two or more 
molecules, alike or different, unite by the linking of carbon atoms, with or without 
the elimination of water. 
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Reduction. Sodium amalgam or any source of active lij-clro- 
gen reduces aldehydes and ketones with the formation of 

alcohols : 

CHs • CHO + 2 H CHs • CH2OH. 

CHs • CO • CHa + 2 H — > CHa • CHOH • CH3. 

Ditertiary alcohols, pinacols, are formed also in the reduction 
of ketones. The secondary alcohol is the chief product when 
an aqueous or an alcoholic solution of the ketone is reduced by 
sodium amalgam. A good yield of tetramethyl glycol {piiiacoi) 
is obtained from acetone by treatment with mercuric diloride 
and magnesium turnings in dry benzene. Magnesium pinaco- 
late produced in this way is hydrolyzed by subsequent treat- 
ment with water. Pinacol and magnesium hydroxide are the 
hydrolysis products. 


CH3S 

>30 

CHsn 

■0 

1 

•0 

0 

>/ 

>~-0H 


Mg 

CHs"' 


. 1 2 H2O . CH-P' . 1 



^ ^ 



Mg — >■ 1 


CHax 


CHss 


! CHsx 



>co 


>C— 0 b( 

J OH 

CH3/ 


CH/ 


' GH:/.' 



Acetone Magnesium Pinacol 

pinaeoliate 


When wanned with sulfuric acid, the junacol undergoes an 
intramolecular rearrangement in which ii, loses a nudetmle of 
water and forms pinacolone, or tertiary but, yl-intd Ini km one; 



OHOH 


UXlS's, 

CHs^ 

1 i /CHs 
>C— CC - 

^CHs 

CHg^C-CO-CH:, -f 


Pinacol 

Pinacolone 




The mechanism of this rearrangement is discussed in a later 
chapter (see page 441). 

Oxidation. On oxidation aldehydes yield acids without loss 
of carbon, but ketones ^eld either carbon dioxide aiifl water 
or acids contai^g^wer carbon atoms than in i.)ie original 
ketone; the products formed depend upon the nature of the 
ketone, the vigor of the oxidizing agent, the ternperai.ure, th e 
concentration, the solvent used, and other factors, idie first 
oxidation products of ketones are acids formed by breaking 
the molecule at the position of the carbonyl gi’oup.' The posi- 
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tion in a molecule where oxidation has already occurred is the 
most susceptible to further oxidation. On this account a 
secondary alcohol is oxidized to a ketone. The — CHOH— 
group is converted to -~-C0— before any other part of the 
molecule is attacked. In the ketone an atom adjacent to the 

^CO group is in the position most susceptible to oxidation. 

The oxidation of the compound CHs — CO— GH2~CH3 prob- 
ably takes the following course : 


CHa— CO-CH2— CHs — >■ CHs-CO-CHOH-CHs 

— > CHs— CO-CO— CHs CHsCOOH + CH 3 COOH. 


yCHs 

The ketone CH3-CH2— CO-CH2— CH< ^delds four 

^CHs ' 


acids, namely, CH3CH2COOH, 


CHsv 

and ^ 
CHs 


CHs 




CHGOOH, CHsCOOH, 


^CHCH2C00H. These products indicate that in 


every ease the ketone molecule breaks betw^^een the carbonyl 
group and an adjacent carbon atom; but not always on the 
same side of the —CO — group. The four acids are not 
produced in equal amounts. The reaction which leaves the 
carbonyl group attached to the smaller of the two radicals 
predominates. 

Fehlinfs solution.'^ Aliphatic aldehydes and a few ketones f 
are oxidized by an alkaline solution of cupric sulfate. Fehling’s 
solution is made by adding copper sulfate to a solution of sodium 
potassium tartrate and sodium hydroxide. In the presence of 
tartrates cupric hydroxide is not precipitated. A clear, dark 
blue solution is formed which, when warmed with an aldehyde. 


* In Fehling's solution the copper is present chiefly in the anion of the complex salt 


CH— COONa 

< I 

\0— CH— COONa 


A small amount of cupric ion, Cu is present also, and since all forms of copper in 
the mixture are in o(}uilibrium with each Other, the oxidising effect of the reagent 
can be represented by using, in the equation, either the cupric ion or the complex 
copper tartrate ion. 

t Fructose reduces Fehling’s sohition (see page 157), Ketones having the group 
— CHOH — CO — are very easily oxidized. 
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yields a brick-red precipitate of cuprous oxide. In a qualitative 
way, the change may be represented by the equation 

R • CHO + 2 eu+ + 4- 5 OH“ — > CiisO + 3 H 2 O + 11 - COO-". 

This reaction is of clinical value. It is the test ordinarily ap- 
plied to determine the presence or absence of glucose in the 
urine. There is a definite relationship betoeii the amount 
of cuprous oxide precipitated and the amount of sugar oxidized 
(a relationship not accurately represented by the above equa- 
tion), so that the reaction forms the basis of quantitative 
methods for estimating the sugar present in the urine — a 
matter of prime importance in the diagnosis and treatment of 
diabetes. 

Tollen’s reagents An ammoniacal solution of silver oxide may 
be made by precipitating silver oxide from silver nitrate solu- 
tion by the addition of sodium hydroxide and ralissolving 
the precipitate in dilute ammonium hydroxide. A solution pre- 
pared in this way is called Tollen’s reagent. When it is warmed 
with an aldehyde in a test tube or beaker, a fine mirror is i)ro~ 
duced on the walls of the container through the plating out of 
metallic silver: „ 

ECHO -f 2 Ag+ -f- 3 OH- RCOQ- + 2 Ag + 2 fUO. 

A few ketones reduce silver oxide, but by placing a lime limit 
upon the reaction the test may be used to distinguish aldeliydes 
from ketones. Aldehydes are oxidized rapidly by this reagent. 

Other reactions. There are other reagents that react with 
aldehydes and ketones, with results that do not fall wdthin the 
categories listed above. 

Phosphorus pentachloride ^cts upon aldehydes and ketones, 
replacing the carbonyl oxygen by two chlorine atoms : 

CHs • CHO 4 - PGI 5 CH 3 • CHClo + POChi. 

CH 3 • GO • CH 3 4 -PGl 5 ^^“^ CH 3 • CCI 2 • Clh + POCh^ 

Bydroxylamine.f Aldehydes and ketones combine with hy- 
droxylamine, eliminating water and forming oximes : 

In Tollen’s reagent the silver is present in the form of a complex ion correspond- 
ing to the formula Ag+(NH 3 ) 2 . 

< t Hydroxylamine, NHaOH, a white solid (m.p. 33^ b.p. 58° under 22 mm. 
pressure), is an unstable compound. It decomposes rapidly, even below its 
ing point, and it explodes if heated, to 130°. It forms stable salt,s with acids. The 
hydrochloride, NHaOH • HCl, is generally used in the reactions listed above. A 
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CHs-GHO-fHgNOH 

CH'i 

'NCrO + HaNOH 
CH-/ 

The oximes are readily changed by intramolecular rearrange- 
ment into totally different compounds. The change is dis- 
cussed under the Beckmann Rearrangement. 

Phenylhydrazim. With aldehydes and ketones, phenylhy- 
drazine* forms compounds known as hydrazones: 


CHs-CHrNOH + HsO. 

Acetaldoxime 

CHsv 

>C : NOH + H 2 O. 
CH 3 / 

Dimethylkctoxime 


CH3 ■ CHO + H2N • NH • C0H5 

— > CHs • CH : N . NH • CeHg + H2O. 

CHsv 

>C : 0 + H2N . NH • CgHs 
CHg/ 

CHav 

>C : N • NH • CeHs + H2O. 
CH 3 / 


Hydrazones are hydrolyzed by boiling them with acids, the 
original aldehyde or ketone being regenerated. 

Alcohoh. When aldehyde and alcohol mixtures are saturated 
with hydrogen chloride gas, acetals are formed. A few ketones 
react with alcohols in the same way. 

CH 3 . CHO + 2 C 2 H 5 OH — > CH 3 • CH(0C2H5)2 + H 2 O. 

Acetal 

The lower members of the series of acetals are volatile liquids 
of aromatic odor. They are less dense than water and quite 
stable. They dissolve in alcohol and in ether; but are almost 
insoluble in water. When digested for a long time with dilute 
hydrochloric acid at 100°, they are hydrolyzed, the aldehj^'des 
and alcohols being regenerated. They are not hydrolyzed in 
alkaline solution. 

stronger baRi; than hj'droxylamine is added to remove hydrochloric acid from the 
salt and liberate free hydroxylamine in the presence of the aldehyde or ketone. 
Hydroxylauiine hydrochloride is made by the action of tin on a mixture of dilute 
nitric and hydrochlt^ric acid solutions. Nitric acid is reduced by hydrogen liberated 
from hydrochloric acid. The tin ions are removed from the .solution by precipitation 
with hydrogen .sulfide. The stannous sulfide is filtered out, and the filtrate is 
evaporated to dryne.ss. From the residue hydroxylamine hydrochloride is extracted 
with absolute alcohol. 

* For a description of phenylhydrazine, C 0 II 5 NHNH 2 , and its salts see page 229. 
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Se7uicGiTbttzid6. A crystallino d6rivative of liytlraziiie, called 
semicarbazide, is made by heating a mixture of urea and 
hydrazine hydrate. It corresponds to the formula 

H2N~-NH-C0-~~NH2. 


It reacts readily with aldehydes and ketones, forniiiig deriva- 
tives known as semiearbazones : ^ 

NH— NHo NH— N=GC 

CHsv 1 1 - , „ ^ 

>CO + CO — >■ CO +H 2 O. 

GH 3 / 1 i 

NH2 NHo 

Acetone Semicarbaside Acetone seinicarbasone 

(b.p. 56.1°) (m.p. 96°) (m.p. 1S7°) 


Schiff’s reagent. Magenta, a beautiful red dye, is decolorized 
by sulfur dioxide. The color of this reagent is promptly re- 
stored by a few drops of an aldehyde solution.* 


THE LOWER ALDEHYDES AND KETONES 

Formaldehyde, HCHO, is a gas under ordinary conditions 
of temperature and pressure. It has an irritating effect upon 
the mucous membrane, causes suffocation, an<l produces tears. 
Most aldehydes resinify when warmed with concentrated al- 
kalies, but the behavior of formaldehyde in alkaline solution is 
exceptional. Instead of forming a resin it undergoes oxidation 
and reduction, forming a salt of formic acid and methyl alcohol. 

Formaldehyde is soluble in water and it is usually placed on 
the market in the form of an aqueous solution (formalin, 40 per 
cent HCHO) or as ''paraform,” a waxlike solid polymier of 
formaldehyde. The tendency of formaldehyde to polymerize — 
that is, for two or more molecules to unite with each other — 
is so pronounced that evaporation of formalin on a steam bath 
resultsin the formation of alarge amount of paraform, (CH 2 G)„. 
This solid substance decomposes when heated, jdelding form- 
aldehyde gas. It is used in the manufacture of candles, which 
bn burning release the gas in sufficient quantities to serve for 
fumigation. The pure gas liquefies at - 21®, and on standing 
the liquid polymerizes. It is possible to secure crystals of pure 

* For the composition of the colored product and the te<'hni<!ue of applying the 
test see Porter, Stewart, and Branch’s " Methods of Organic Chemistry ” (Ginn 
and Company). 
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formaldehyde by rapidly cooling the liquid to - 92 ^^ by means 
of liquid air. The crystals are soluble in cold ether. The molecu- 
lar weight of formaldehyde in the vapor phase corresponds to 
the formula CH.2O. In solution it varies with the concentration. 
In concentrated solutions the dissolved molecules associate, 
forming aggregates consisting of double or triple molecules. 
There is also evidence of hydration, the single, double, and 
triple molecules of the aldehyde uniting with the solvent to 
form heavier molecules. A crystalline polymer of definite com- 
position and molecular weight has been isolated from the 
amorphous mass formed when formalin is evaporated. It is 
the chief product obtained when anhydrous liquid formalde- 
hyde polymerizes. The compound is known as trioxymethylene. 
It sublimes unchanged and dissolves in water. It has the 
formula (CH20)3. A different type of condensation is induced by 
saturating an aqueous solution of formaldehyde with calcium 
hydroxide and allowing the mixture to stand for several days. 
The product formed is commonly called acrose. It corresponds 
to the formula C(jHi20(i and has the properties of a sugar. 

Formaldehyde is prepared commercially by passing a mix- 
ture of air and methyl alcohol vapor over hot copper: 

CH3OH + I O2 HCHO -{- H2O. 

Formaldehyde renders albuminous substances tough and in- 
soluble and it is used in large <iuantities in the preparation of 
tissues for histological work. It is employed also in the manu- 
facture of various types of plasties, including artificial ivory 
from casein and bakelite from phenol. 

A quantitative estimation of formaldehyde may be made 
by oxidizing it with hydrogen peroxide in the presence of a 
measured excess of standard sodium hydroxide solution: 

HCHO -f- NaOH + H2O2 — ^ HGOONa + 2 H2O. 

The quantity of base used in the reaction is determined by 
titration, and the corresponding quantity of the aldehyde is 
calculated on the basis of the equation. 

Qualitatively formaldehyde may be detected by mixing the solution to 
be tested with an equal volume of milk and a few drops of ferric chloride. 
Concentrated sulfuric acid is then carefully introduced so as to form a 
layer below the mixture, A violet ring at the juncture of the two liquid 
layers indicates the presence of formaldehyde. A more sensitive test, rec- 
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ommended by Sehryver, is made as follows; To 10 cc. sis th?? sumtion to 
be analyzed add 2 ce. of 1 per cent solution of phenylliyrlmzim.- hydrcsehin- 
ride (freshly prepared and filtered), 1 cc. of 5 per cent solution i.»f putassium 
ferricyanide, and 5 cc. of concentrated hydrochloric acid, A rod color de- 
velops immediately if formaldehyde is present. 

Acetaldehyde, CHs • GHO, a colorless, iiillarnmable liquid 
(m.p. ~ 123.5°, b.p, 20.2°, sp. gr, 0 . 781 ), is usiidlly prepared hy 
allowing a mixture of alcohol and sulfuric acid to drt>p into a 
solution of potassium diciiromate : 

3 CH 3 * CH 2 OH + CfsOt— + 8 H+ 

— > 2 Cr- + + + 7 H 2 O + 3 GH 3 • CHO. 

Conversion of the alcohol to acetic acid is preyenied by con- 
tinuous distillation, the aldehyde being removed as fast as 
formed. The aldehyde is miscible in all proportions with water, 
alcohol, and ether. On exposure to air it slowly takes up oxy- 
gen, forming acetic acid. In addition to the general methods 
for preparing aldehydes a few special methods for making 
acetaldehyde have been employed with success. The aldehyde 
can be made from acetylene. The reaction is carried out by 
passing acetylene through a, suspension of a mercuric salt in 
dilute sulfuric acid, EthyM^ also, may be used a.s a .sourt'e 
of acetaldehyde. The oxidation of ethylene gives rise to glycol, 
CH 2 OH---GH 2 OH, which loses water when wanned with zinc 
chloride and forms acetaldehyde. The eliminat ion of wa ler 
probably results in the transient existence of CTi;.* : GHOH ; 
but a hydroxy! group do^ hot, as a rule, remain attached t o a 
doubly linked carbon atom. The hydroxyl hydrogen migrates 
to the adjacent carbon, leaving, in this case, CH 3 * CMC. 

At 400° acetaldehyde begins to decompose into metliane and 
carbon monoxide, and at 600° decomposition is rapid, carbon, hy- 
drogen, and water vapor appearing among the products formed. 

Acetaldehyde polymerizes very readily. A few drops of con- 
centrated sulfuric acid induce a condensation that proceeds 
with almost explosive violence. When the action ceases, the 
acetaldehyde (b.p. 20 . 2 °) has been converted into a liquid of 
much greater density and boiling more than 100 ° higher (;b.p. 
124°, sp. gr. 0.994), The formula of the new compound, known 
as paracetaldehyde, is (C 2 H 40 ) 3 . It fails to exhibit the ordi- 
nary aldehyde reactions. For example, it does not reduce am- 
moniacal silver solution nor does it resinify with alkalies. On 
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this account it is assumed that the —CHO groups are in- 
volTed ill the union of the three molecules in such a way as to 
destroy the aldehyde structure. It fails, also, to react with 
sodium, so that there can be no hydroxyl groups present. The 
following constitutional formula for paracetaldehyde has been 
proposed: 


H\ 

CH3/” 


c 0 — c< 

I XIH 

O C O 



H CHs 


When distilled with dilute sulfuric acid, it reverts to ordinary 
acetaldehyde. The change is reversible and may be repre- 
sented by a balanced equation : 


3 CH3CHO 


(G2H40)3. 


In the process of distillation the more volatile acetaldehyde 
escapes. The equilibrium is thereby disturbed in such a way 
as to promote the decomposition of the paracetaldehyde, and 
the entire mass gradually dissociates, jdelding acetaldehyde. 

Acetaldehyde yields a different polymer when cooled to a 
temperature below zero and treated with hydrogen chloride 
gas. The condensation product separates in the form of color- 
less needle-like crystals. On the basis of cryoscopic measure- 
ments it has been assigned the formula (C2H40)4. It is called 
metacetaldehs^de. It lacks the characteristic properties of al- 
dehydes, sublimes at 160°, and at 200° it passes quantitatively 
into acetaldehyde. 

An entirely different condensation of acetaldehyde, known 
as the aldol condensation, has been mentioned (see page 71). 

Acrolein, acrylic aldehyde, CHs : CPI • CHO, shares the prop- 
erties of aldehydes and of unsaturated hydrocarbons. It is 
made by passing glycerol vapor over hot magnesium sulfate : 

CHoOH • CHOH • C.H2OH — >■ CH3 : CH • CPIO + 2 H2O. 


Acrolein is a colorless liquid (b.p. 52°). It is sparingly soluble 
in water and it is characterized by a pungent, unpleasant odor. 
Acrolein combines slowly with atmospheric oxygen, forming 
acrylic add, CH2 : CH * COOH. 
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Crotomild ehyde, CHr. • CH : CH • CFIO, a eolorler^s licjuid (h.]>. 
1050, is «iade from aldol by treatment with hydroehlorle acid : 

CH3 • CHOH • CH2 • CHO CIU ■ CH : CH • CMO + H, 0 . 

Aldol Crotonakiefayde 

Aldol may be formed and dehydrated in one oiDeral iori by warm- 
ing acetaldehyde with dilute hydrochloric acid. Ci'oton alde- 
hyde is often made in this way. 

Acetone, CUD • CO • CH3, is a colorless liquid with an agree- 
able odor and burning taste (b.p. 50. P', ni.p. — li-i.O'b Jt is 
obtained by distilling calcium acetate, oi' it may lie produced, 
along with methyl alcohol, acetic acid, and other rirotlueis, by 
distilling wood. Glucose, a sugar obtained from starch, is 
another commercial soimce of acetone. Certain bacteria cause 
a fermentation of glucose that gives rise to acetone, normal 
butyl alcohol, and other products. A different ferment derived 
from yeast converts glucose into ethyl alcohol. 

Acetone reacts with, the Grignard reagent and with sodium 
bisulfite, phosphorus pentachloride, hydrocyanic acid, hydrox- 
ylamine, and phenylhydrazine as indicated under fjie discussion 
of general reactions of aldehydes and ketones. The princ.dpal 
uses of acetone depend upon its capacuty to <iissolve a great, 
variety of organic compounds. It is employed in the manufac- 
ture of smokeless powders and in the preiiaration of lacquers 
and paint removers. 


MONOBASIC ACIDS AND THEIR 
DERIVATIVES 

The saturated monobasic acids maj?' be regarded as deriva- 
tives of the paraffin hydrocarbons in which one hydrogen atom 
has been replaced by the carboxyl group, — COOH. They cor- 
respond to the general formula C„H2 „h-iCOOH or RCOOH. 

The lower members of the series are mobile, colorless liquids, 
having pungent odors and a sour taste; the intermediate mem- 
bers are oily liquids sparingly soluble in water; and those of 
higher molecular weight are odorless solids insoluble in water 
but readily soluble in alcohol, chloroform, or ether. The lower 
members distill without decomposition. Those of higher molec- 
ular weight decompose before boiling. The acids of this series 
having odd numbers of carbon atoms are rarely found in nature ; 
those having even numbers of carbon atoms are abundant. 

The acids of lowest molecular weight have the highest den- 
sities, they are the best electrolytes, the most soluble in water, 
and the most volatile. These qualities are, no doubt, associated 
with their relatively high per cent of oxygen. As the molecular 
weights increase the influence of the two oxygen atoms becomes 
less marked, and in chemical and phj^sical properties the acids 
become more like the corresponding hydrocarbons. Formic 
acid is by far the strongest one of the series. 

The ionization of an acid in aqueous solution is represented 
by the equation 

RCOOH :<=± RCGO- +H+. 

The dissociation constant of an acid, JC, is defined by the 
equation (RCOO-VH+) 

(RCOOH) ’ 

The terms within parentheses represent the concentrations of 
the ions and of the uttdissociated molecules, in moles per liter, 
when equilibrium is established . The values of Ka and of other 
physical constants for some of the saturated monobasic acids 
are given in the following table : 
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Acid 

Forudla. 

Melting 

Point 

Boilinc: 

Point 

/v,i X W 

i’Lit C’KNT 
r; 

ft,; A S' nr, N 

Formic . .... 

HCOOH 

+ 8.6“ 

100.7“ 

21.4 

1.52 

Acetic . ... 

CHaCOOH 

16.7“ 

118.1“ 

1,82 

1.34 

Propionic .... 

CH 3 CH 2 COOH 

- 22 . 0 “ 

i4i.r 

1.34 

1 . 1:1 

Butyric (norma!) . 

CmCHcCHsCOOH 

~ 7.0° 

163.5“ 

1.40 


Butyric (iso) . . 

(CH 3 )aCHCOOH 

+ 79“ 

iM.r 

1.45 

1.20 

Valerie (norma!) . 

CH3(GH2)3C00H 

~ .‘>8,5“ 

187-'' 

1.4S 

' 1.20 

Valeric (iso) . . . 

(GHidaCHCHsCOOH 

- 51“ 

m.r 

i.m 

L2» 

Methylethylacetic 

(CH3)(C2H5)CHC00H 

-80“ 

174“ 

l.f.9 

1.29 

Trimethylacetic . 

(GHdaCGOOH 

+ 33,5“ 

163.8“ 

0.98 

0.99 

Caproic (norma!) 

CH3(GH2)iGQOH 

— .5.2® 

202.7'" 

. 

1.40 

I.IS 


The degree of dissociation of an acid is influenced 1)3- its 
structure and by its mass and composition. The most im- 
portant single factor is the nature of the atoms or groups 
attached to the a-carbon atom. (Tlie a-earbon atom is the 
one adjacent to the carboxyl group.) The changes produced 
in the dissociation constant of an acid by making certain a 
substitutions are shown in the following table : 


Acid 

Formula j 


Acetic 

CHaCOOH ! 

1.82 X 10 '5 

Chloroacetic 

CH 2 GICOOH i 

i,.^r» X 10 

Bromoacetic 

CHaBrCOOH 1 

1.38 X 10"« 

lodoacetic 

CHalCOOH i 

7.1 X lO"'* 

Dichloroacetic 

CHClaCOOn 1 

ft.M X lO"- 

Trichloroacetic 

cciscooir ■' 

12.1 X 10"' 

Cyanoacetie 

CHaCNGDOH 

3,7 X 10 

Hydroxyacetic . 

CHaOHCOOH i 

1.32 X 10-^ 

Aminoacetic 

CIIsNIIjCOOH ' 

3.8 X 10 ~>*' 


The concentration of the hydrogen ions in an acid solution 
is measured by means of a hydrogen electrode or by the use of 
colored indicators.* The total quantity of acid in the solution 
is determined by titration with a base. 

1. A 0,1 N solution of acetic acid is 1.34 per cent ionized. Find the value 

OtKa. 

1.34 X 10~2 X 0.1 = 1.34 X 10”3 = moles of H*' per liter. 

1.34 X 10~'^ = moles of CH 3 COO ’ per liter. 

jr - (miCHsCOO-) _ (1.34 x IQ-p^ x 10 

" (CH 3 COOH) 0.1 - (1.34 X 10-3) " (10 
_ 1.8 X 10-e _ 18 X 10-^ ^ 

9.87 X 10-2 9_g7 X 10-2 ^ * 

*W. M. Clark, The Determination of Hydrogen Tons. Wiiiia2ns and Wilkins 
Company, Baltimore. 
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To find the of such a solution we have 


pH = log 


(H+) 


= log 


1.34 X 10-3 

log 1.34= 0.127 

■ 3.000 


~ - log (1.34 X 10-3). 


log 10~3 

log 1.34 + log 10-3 = - 2.873 

— log (1.84 X 10-3) = 2.873 = pH of 0.1 N solution of acetic acid. 

8. Find the per cent of formic acid which is dissociated in a 0.2 N solution. 
Ka = 2.14 X 10-h 

( H+)(H CQQ-) _ (H+)2 _ (H+)- 

(HCOOH) 


1C; 


(HCOOH) 0.2 
= 2.14 X 10-^ 


(H+)^ 


0.2 -(H+) 

= (4.28 X 10-5) _ (2.14 X 10-4)(H-»-), 
(H+)2 + (2,14 X 10-^)(H+) - (0.428 X lO”*) = 0, 


(Hn 


(2.14 X 1 0-^) ±V(2.14 X 10-4)2 + (1J12 X 10-4) 
2 . 


(H+) 

Fraction ionized 


: 6.44 X 10-3. 
6.44 X 10-3 _ 
0.2 


0.0322. 


Per cent ionized = 3.22 %. 


Preparation. .1 . The best general method for making the sat- 
urated monobasic acids is the oxidation of primary alcohols. 
Potassium diehromate and sullmric acid are commonly em- 
ployed to supply the oxygen required. 

3 R • CHoOH -f- 2 Cr207— + 16 

— > 3 R • COOH -f 4 Cr+ + + + H H.O. 

2. llnsaturated acids are converted into saturated acids by 
reduction. This is accomplished by means of sodium amalgam 
or by zinc in acid or alkaline solution or by the action of free 
hydrogen in the presence of a catalyst such as finely divided 
nickel or palladium. The reaction is of technical importance in 
the conversion of oleic acid into stearic acid. 


* In weaker acids {Ka < 10"4) the value of (!!•*■) is so small in comparison with 
the total acid concentration that this term may be neglected. The calculation 
would be simplified by using 

= 2.14 X 10-4, 

but in this case such an approximation would introduce an appreciable error (see 
page 142). 
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3 . All alkyl, cyanide, 'or nitrile, is hydrolyzed when heated 
with an aqueous solution of an acid as indicated by the fol- 
lowing equation : 

C2H5CN -f- 2 H2O + HCl C2H5COOH + NH4 + CU 

4 . When carbon dioxide is passed into an ether solution of an 
alkyl magnesium halide (Grignard reagent), an addition product 
is formed which is readily hydrolyzed by cold water. The 
hydrolysis product is an acid. 

/OMgS 

CsHsMgX + CO2 -“>■ C =0 
/OMgX 

, , c=0 + H2O C2H5COOH + .MgXOH. 

'\C2H5 

The acid is extracted with ether and obtained in the free state 
by evaporating the solvent. 

Nomenclature. Special names have ber'ii givmt !o ail Ihe 
common acids, and well-established names, (hough ofum ineau- 
ingless, are not easily replaced by scientitie mjnieui'lature. A 
complete system for naming the acids is based upon the names 
of the paraffin hydrocarbons having the same tuimlHT of tatr- 
bon atoms in the longest contmuoiis ehain. Tiu' fmai e of the 
name of the hydrocarbon is changed 1 0 oiv. Tb us C 1 1 , ; • COl H 1 
is ethanoic acid ; CH3 • CH2 • CODH is jiroparniic. a('id, etc. 
Positions of side chains are indicated by numerals jjroceding 
the names of the groups. The carboxyl earlmii is usually 
numbered 1 . The letters of the Greek alpliabot are often used 
to designate a particular position in tlie chain. The lettering 
begins with the carbon atom next to the carboxyl grou}-) : 


CHs—CH— COOH 


CH3 

2-Xtethylpropanoic acid 

, ■ or .. 

a-Methylpropanoic add 


CHa— CH2 - CH- CH -COOH 

■ ■ I I ' ^ ■ 

CH2 NH2 

2*An'di'ui-;l-niiril!y!j!cn1an'’-ii' add 
ur 

add 


Acyl radicals. The univalent residual groui> that would be 
left if the hydroxyl in the carboxyl group were eliminated 
from an acid is called an acyl radical, Ac.yl nulieals do not 
exist in the free state, but they are present in many types of 
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acid derivatives. They are named from the corresponding acids 
by changing the final ie to yl. 


Acids Acyl Radicals 

Formic H • COOH Formyl H • CO— 

Acetic CHu • COOH Acetyl ...... CH;! ■ CO- 

Propionie .... C2H5 * COOH Propionyl C2H5 * CO 


ACIDS OF LOW MOLECULAR WEIGHT 


Formic acid, H • COOH, difinrs from all other members of the 
series in being easily oxidized. This is dne to the fact that it is 


an aldehyde as well as an acid, H — C 


^OH 


It is decomposed 


by concentrated sulfuric acid, slowly when cold but with rapid 
effervescence at high tem])eratures, the products being carbon 
monoxide and water. Many of the salts of formic acid are 
decomposed by heat. Mercury and silver formates when 
warmed yield the free metals, carbon dioxide and formic acid, 
half of the acid being liberated and half oxidized. With silver 
formate the reaction is 


2 HCOOAg 2 Ag + CO2 + HCOOH. 


With mercuric formate the change takes place in two stages, 
mercurous formate being first produced ; and from that salt 
free mercury is liberated on further heating : 

2 (H • GOO)2Hg —>• 2 H . COOHg + CO2 + H « COOH ; 

2 H • COOHg — > 2 Hg + CO3 + H • COOH. 

When heated to 400'’, sodium formate yields hydrogen and 
sodium oxalate: 

H-COONa COONa 

-^H2+ 1 

H-COONa COONa 

Formic acid is a colorless liquid with an irritating odor. It 
produces a burning sensation when in contact with the skin, 
and unless promptly removed it forms blisters. It forms a 
constant boiling mixture with water (77.5 per cent add, b.p, 
107.1“) and therefore cannot be freed from water by distilla- 
tion alone. It occurs in the body fluids of a and bees. 
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Anhydrous formic acid melts at 8.4't boils at and has 

a density of 1 . 220 - 4 ^-. The salts of formic acid iJurmatrR; are 
soluble in water ; the silver, copper, and lead salts, however, are 
only sparingly soluble. 

When heated alone, to a temperature of 160 or higher, 
formic acid decomposes into carbon dioxide and liydrogen : 

HCOOH-^CO, + Hh. 

This reaction is catalyzed by finely divided platinum, rhodium, 
or palladium. With either of these catalysts the decomposition 
of formic acid occurs, at a measurable rate, at room tempera- 
tures. 

In the presence of a dehydrating agent, sucli as concentrated 
sulfuric acid, the decomposition of formic acid results in tiie 
formation of carbon monoxide and water : 

HCOOH CO 4- H,0. 

Preparation. Formic acid may be ])repared in set' oral ways. 
The following methods are commonly used : 

1 . At temperatures between 150° and 225'', and under pres- 
sures of from six to ten atmospheres, sodium hydroxide absorbs 
carbon monoxide, forming sodium formate : 

NaOH -b CO —»• HCOONa. 

Free formic acid is obtained from the sodium salt by mixing 
the salt with sodium hydrogen sulfate and heating the dry 
mixture. 

2. Formic acid may be prepared by heating a mixture of 
hydrated oxalic acid and glycerol. When heated alone, oxalic 
acid is decomposed, with the formation of water, carbon dioxide, 
and carbon monoxide. If, however, a glycerine solution of 
hydrated oxalic acid, C 2 H 2 O 4 * 2 H.O, is heated to 120 °, the 
principal products formed are formic acid and carbon dioxide. 
Under these conditions an acid ester of oxalic acid is formed as 
an intermediate product. The ester decomposes at about 100% 
yielding carbon dioxide and an ester of formic acid known as 
glycerol monoformin. The latter is readily hydrolyzed to formic 
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acid and glycerol. The main reactions are indicated by the 
following equations : 


CH2O.H 

CHOH 

1 

CH2OH 

<51ycero! 


COOH 


COOH 

Osaiie acid 


CH2OH 

I 

CHOH 


+ H2O. (1) 


CHaO—CO—COOH 

Glycerol oxalate (an add ester 
of glycerol and oxalic acid) 


CH2OH . 

I 

CHOH 

I 

CH.O^-CO—COOH 

Glycerol oxalate 


heat 


CH2OH 

1 

CHOH 

(iHi.O~--CHO 

Glycerol moiioformin 


+ H2O 


CH2OH 

(!:hoh 


+ CO 2 . (2) 


CH2O— CHO 

Glycerol roonoformin (an ester of 
glycerol and formic acid) 


CH2OH 


CHOH 4- H-^C 


/ 


O 


\ 


CH2OH 

Glycerol Formic acid 


OH 


(3) 


Reaction (3) is induced by the water derived from the hydrated 
crystals of oxalic acid and the water released in reaction (1). 

W'iien aitinjdroin': oxalit; acid is heated with glycerol to a temperature of 
200'’ or higher, allyl alcohol is formed. Under these conditions the normal 
glycerol ester of oxalic acid is the intermediate product. 


CHoOH 

i 

CHOH 

CH2OH 


+ COOH 
1 

COOH 


CH2OH 

CH — O— CO + 2 H2O. 

1 t 

CHa—O— CO 


This ester is decomposed by heat with the production of carbon dioxide and 
allyl alcohol: 


CH2OH CH2OH 

CH — O—CO heat <!:H + 2 CO2. 

CH3--O— -CO IlHa 

Normal estor of glycerol Allyl alcohol 

and oxalic acid 
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3. Formic acid is produced in the hydrolj'sis of liydroeyaiiic 

HCN + 2 H 2 O + H+ HCOOH + Hlii'U 

4. Chloroform is decomposed by hot caustic alkali, yielding 
a formate : 

, CHCI 3 + 4 KOH HCOOK + 3 KGl + 2 H^O. 

Acetic acid, CH 3 COOH, as formed in tiic ucnic-nuition of 
fruit juice, was known to the alchemists of tlic sixu.vnih cen- 
tury. It was isolated from other fermeiii ai iuii fprokiucrs by 
Stahl (1720), and was first synthesized by ihcrzf 'liu,- iri 1814. 

The anhydrous acid melts at 16.67'^ and l>ui]- m li -'' under 
760 mm. pressure. Below 16® C. the crystaiiinu saiii], huA the 
appearance of ice, and the pure acid is commonly called glacial 
acetic acid. A rise of temperature and contraction in volume 
occur when water is added to acetic add, the maximum tem- 
perature effect, highest density, and maximum viscosity being 
produced when the solution contains c-Hjiiirmiai ouaiitiiies of 
the acid and water. This indicates the fod-maiitni of a hydrate, 
CIUCOOH ■ 1-UO. 

Pure acetic acid and a 43 per cent soluiion iii waicr have the 
same density. The changes in density wii.li dilinion are indi- 
cated in the following table: 

Concentration ( U: w o'! 


100% . . . . . . 

: . , . . .! 

rirj,") 

90% . ... . . 

" ;■ ■ . ... 1 

.(‘Vi 

o 

oo 

..... 1 

.075 

70% . . . . . 

..... I 

.073 

60% . ... , 

..... 1 

000 

50% . ,. 7 . . 

. . . . . 1 

.002 

43 % .... 

• . . . . i. 

.055 

40% . . . . . 

I 

.052 

30% ... . . 

. .■ ■ . . . 1 

0-11 

20% . . . . . 

. ... . .1 

.028 

10% 

. . 1 

UI4 

0% .... 

..... . 1 

.000 


Owing to the high molecular freezing-] loini. constant for acetic 
acicD'^^and the low molecular weight of water, a very small 
quantity of water causes a considerable change in the fi-eezing 
point of the acid. A freezing-point determination, therefore, 

* K = 3860 (see page 40 i). 
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constitutes a satisfactory method for estimating the concentra- 
tion of an acetic acid solution. The effect of dilution on the 
freezing point is indicated in the following table : 


Concentration 

Freezing Point 

100% ...... 

. . 16.67“ 

99% 

. . 14.80° 

98% 

. . 13.25° 

96.2% 

. . 10.50° 

92.6% 

. . 6.25° 

89.2% 

. . 2.7° 

S7.0% 

. . - 0.2° 

75.4% 

. . -12.8° 

70% ........ 

. . -18.1° 

60% 

. . -26.6° 

47% 

. . -19.3° 

10% ....... . 

. . - 3.4° 


Acetic acid and many of its salts and esters are of great tech- 
nical impoi'tance. Cellulose acetate is used in one process of 
making artificial silk, in the manufacture of photographic films, 
and in the preparation of safety glass. Windshields and win- 
dows for automobiles are made by pressing a thin sheet of 
cellulose acetate between two sheets of ordinary glass. Basic 
lead acetate is used in the manufacture of paints (white lead). 
Paris green, which is used as an insecticide, is a mixtiue of copper 
acetate and copper arsenite, Cu(C2H:i02)2 and Cu(As03)2. 
Acetates of chromium, iron, and aluminum are used as mor- 
dants in dyeing cotton. Acetic acid is used also in the synthesis 
of some artificial flavors and perfumes and in the manufacture 
of paper. 

The acid is stable toward oxidizing and reducing agents, 
and on that account it is frequently used as a solvent for 
compounds that are to be oxidized by dichromate or per- 
manganate ions. Glacial acetic acid is hygroscopic. It dis- 
solves in water with an evolution of heat and contraction in 
volume, the density of the solution gi’adually increasing until 
a solution containing 78 per cent of acid is produced. Beyond 
that point the density decreases as indicated in the table on 
page 88. 

Acetic acid is an excellent solvent for many organic com- 
pounds. It dissolves readily in the common organic solvents, 
and in most solvents it exists in the form of double molecules. 
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This state of aggregation is detected by moleeidar-vveight de- 
terminations and is known as association. I’A-en in tne \ apor 
phase, at temperatures below 150®, there is eojisidoj’ahh^ as- 
sociation. 

Several methods have been developed for manufacturing 
acetic acid. It is used in large quantities not only as a laljora- 
tory reagent but as the principal acid comjionent ch vinegar. 
The most important commercial methods oJ preparation are 
the oxidation of ethyl alcohol and the distiilation oi wood. 

Oxidation of alcohoL Large wooden tanks a.re iilled witli 
beechwood shavings inoculated with motiier of vinegar {M//- 
coderma aceti). Dilute alcohol (6 to 10 per cent. j is ailotved to 
percolate through the shavings against a countercurrent of air. 
The alcohol is distributed in thin layers over (lie sinkings, expos- 
ing large surfaces to the air. Tlie shavings also preserve a 
porous structure in the tanks, allowing free passages for air, ami 
they constitute a suitable home for the growth and pr«.>pagati()n 
of the oxidizing bacteria. The reaction is a simple oxidation : 

CHs • CHaOH + O 2 — CH;! * COOH -h IhO. 

The mixture of alcohol and acetic acid drawn from the bot- 
tom of one tank is transferred to the top of a similar tank, and 
so on until the conversion is nearb?" cojnplete. '‘J’he product 
obtained by this process is approximately a B per cent solution 
of acetic acid in water. Glacial acetic acid is made })y neutraliz- 
ing the dilute acid with lime and evai[.)orating iJie water. The 
salt, calcium acetate, is then treated with an equivalent quan- 
tity of sulfuric acid. The acetic acid liberated in this w^ay is 
distilled from the mixture. 

Distillation of wood. Wood is distilled from large iron re- 
torts, the temperature being gradually raised to 450® or 600®, 
Between 160° and 300° a liquid distillate, pyroligneous acid, 
is produced. It consists chiefly of water, acetic acid, methyl 
alcohol, and acetone. After the addition of lime the volatile 
liquids are distilled off, leaving a solid residue of calcium acetate. 
An equivalent quantity of sulfuric add is then added, and the 
more volatile acetic acid is removed by distillation. To remove 
the small amount of water contained in the distillate the liquid 
is cooled until glacial acetic acid crystallizes. The crystalline 
mass is then removed from the mother liquor and allowed to 
melt at the temperature of the room. 
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Butnri(Lm d&- According to the structure theory two acids 
corresponding to the formula C3H7GOOH should exist, and 
two are known. 

Normal butyric acid, CH 3 — CH 2 — CH 2 — COOH (b.p. 162.50, 
occurs as an ester in butter and in the free state in rancid butter, 
in Limburger cheese, and in some secretions of the body, es- 
pecially in perspiration. It is soluble in water, but separates 
as an oil when the aqueous solution is saturated with calcium 
chloride. All soluble members of this series, except formic acid 
and acetic acid, may be salted out of solution. 

CHsv 

Isobutyrie acid, >CH— COOH (b.p. 154°), is found both 

CH3/ 

free and combined in many plants but never in very large quan- 
tities. It is prepared by hydrolyzing isopropyl cyanide. Iso- 
propyl iodide is the most convenient laboratory source of the 
cyanide : 

(CHsOaCHI + KCN (GHjdaCHCN + KI ; 
(CHsIaCHCN -f 2 H 2 O H- H '- (CH3)2CHCOOH + 

The calcium salt of isobutyric acid is more soluble in hot than 
in cold water. Normal calcium butyrate is more soluble in 
cold than in hot water. 

HIGHER ACIDS 

Palmitic acid, CisHsiCOOH, and stearic acid, C17H35COOH, 
occur together as glycerol esters in the natural fats. They 
are liberated from the glycerol by boiling the fat with an acid. 
Their salts are formed when the fat is saponified by boiling with 
alkalies. These acids are white solids, amorphous and waxlike, 
as ordinarily prepared, but easily crystallized from alcohol or 
other organic solvents. 

When obtained by hydrolysis of fats, they are mixed with 
oleic acid — an unsaturated compound belonging to a different 
series. The liquid, oleic acid, is pressed out of the mixture. 
Stearic and palmitic acids may be separated by adding magne- 
sium acetate to an alcoholic solution of the mixture. Magne- 
sium stearate precipitates, and from the salt the free acid may 
be obtained by boiling it with hydrochloric acid. The free 
stearic acid solidifies when cold and floats on the surface of the 
water. 
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Oleic acid may be separated from stearic andj}almitic acids 
by forming the lead salts and extracting the mixed salts with 
ether. Lead oieate is soluble in ether. The free acid is ob- 
tained from the salt by treatment with sulfuric acid. 

Palmuk acid, w-hexadeeylic acid (m.p. 62°), is usually ob- 
tained from olive oil, which is composed, almost exclusively, of 
the glycerol esters of palmitic and oleic acids, Myricy! palmi- 
tate, C] 5 H:nCOOC;^oHoi, the principal eompoiient of beeswax, 
is another source of this acid. Spermaceti, a white waxy sub- 
stance found in the head of the sperm whale, is composed 
chiefly of cetyl palmitate, GioHgiCOGCioHss* Myricyl and 
cetyl palmitates belong to the class of compoimcls known as 
esters. They are hj^drolyzed by boiling with an acid, forming 
the free palmitic acid together with mpicyl and cetyl alcohols 
respectively: 

CisHsiCOOCsoHci + HoO CisHmCOOH + CsoHoiOH. 

Palmitic acid Myricyi akohol 

CisHaiCOOCicHss + H2O — i- CisHs.COOH + CwHsaOH. 

Palffiiitic add Cetyl alcohol 

Palmitic acid has been s 3 mthesized by oxidizing cetyl alcohol. 

Stearic acid, Tz-octodecylie acid, melts at 69°. As ordinarily 
prepared, it is a colorless, soft, amorphous substance, i t is 
not difficult to obtain it in crystalline form by slowly cooling a 
hot saturated alcoholic solution of the acid. 

Stearic acid is a normal, or straight-chain, eomimuiKk 

Dry distillation of a mixture of salts of stearic and acetic acids results in 
the formation of margarylmethyl ketone: 

CuHsoCOONa ■ 

— > C17H35 • GO • GHs + NasCOs. 

CHsCOONa 

On oxidation the ketone yields acetic acid, CH3GOOH, and margaric acid, 
C16H33COOH. This proves that the margaryl radical, CrrH,-;.-, has the 
structure Cieriss—CHa—. From salte of margaric and acetic acids pal- 
mitylmethyl ketone, CiRHsa • CO * CHg, has been made. When oxidized 
this ketone yields acetic add and palmitic acid, C15H31COOII, showing 
that the structure of the palraityl radical is Ci<,H3i— CHa--. This process 
has been continued step by step from stearic acid back to capric acid, 
CoHuiCOOH, and the latter has been synthesized from lower members of 
the acetic acid series. It is known to have a straight chain of carbon 
atoms, its formula being 

CHs • CH2 • CHa • CHs • CH2 • CH2 • GHa • GHs ■ CHo • COOH. 

Hence we know that stearic acid is a straight-chain compound having the 
formula CH3 • (CHalie • COOH. 
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UNSATtmATED ACIDS 

Aeryhe mid. The simplest of the unsaturated monobasic acids, 
acrylic or propenoic acid, has the formula CH 2 =CH— COOH. 
It melts at 8°, boils at 140®, and dissolves in water in all pro- 
portions. It is a stronger acid than the con’esponding satu- 
rated compound (acrylic acid, Ka = 5.76 x ; propionic acid, 
Ka = 1.34 X 10““). Acrylic acid is made from jS-bromopropionic 
acid by treatment with a hot alcoholic solution of potassium 
hydroxide or from ^-hydroxypropionic acid through the action 
of a dehydrating agent. 

Crotonic adds. There are four acids corresponding to the 
formula C3H5COOH. One of them is a-methylacrylic acid 
with the structure CH2=C(CH3) — COOH. Another, called 
vinylacetic acid, has the formula GH2=CH~CH2— COOH. 
The other two acids of this group are geometrical isomers of the 
tjT^e described on page 25. They correspond to the following 
structural formulas : 


H~-C -CHs 

II 

H— C— COOH 

Crotonic acid or 
A‘.<?/«butcmoic add 
(m.p. 71°, b.p. 180°) 


CHs-C— H 

II 

H— C— COOH 

Isocrotonic acid or 
A'-iraKsbutenoic acid 
(m.p. 15.6°, b.p. 172'°) 


The symbol A’ indicates that the double bond is between 
the first and the second carbon atom beyond the carboxyl 
gi’oup. Vinylacetic acid is A^-butenoie acid. The name of the 

CHsv 

acid having the structure yC==CH — COOH is 3-methyl- 

CH3/ 

A^-butenoic acid or jS, )3-dimethylacrylic acid. 

The inconsisteney in the first name is due to the unfortunate practice of 
beginning with the carbon atom ne-xt to the carboxyl group in numbering 
the atoms for the purpose of defining the position of a double or triple bond. 
For other purposes the numbering begins with the carboxyl carbon. 

Oleic add. Oleic acid, CirHasOOOH, is obtained by hydrolyz- 
ing olive oil and other vegetable oils. It is a colorless and odor- 
less oily licluid . It melts at 14® and decomposes if distilled under 
atmospheric pressure. Oleic acid can be reduced to stearic acid 
by hydrogen in contact with finely divided nickel or oxidized 
to dihydroxystearic acid bs?' permanganate ion. A trace of 
nitrous acid converts oleic acid into elaidic acid. Oleic and 
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elaidic acids are stereoisomers corrcb]>oodi!i-r t,, woumk and 
isocrotonic acids. When oxidized by dirhrc'mati* itsJij oleic 
acid yields pelargonic acid, CsHirCOOH, and a/c-iaic acid, 
COOH • (CHiO? • COOH. Since iinsaturatcd coiniHfinids usu- 
ally break at the position of the double Ixnui. we infer, from 
this reaction, that the formula of oleic acid is 

CHs • (CH2)7 • CH : CH • (CHs)? • COOH. 

ACID CHLORIDES 

Chlorine is substituted for the hydroxyl in the carboxyl 
group when an acid is treated with phosphorus trichloride 
or phosphorus pentachloride or when the salt of an acid is 
treated with phosphorus pentachloride or phosphorus oxy- 
chloride. The substitution product, R • CO • Cl, is known as an 
acid chloride. The corresponding bromides may be formed in 
the same way by using the phosphorus corapoimds of bromine. 
Typical reactions are indicated by the following equations: 

3 CH 3 COOH + PCI 3 — >• 3 CHaCOCl + H 3 PO 3 . (1 ) 

CHaCOONa + PCI 5 CHaCOCi + NaCI ~b POCI;}. (2) 

2 CHsCOONa+POCla 2 CHaCOCI+NaCI + NaPOa. (3) 

These equations do not represent quantitatiye reactions. 
It is obvious that part of the acid chloride will be formed ac- 
cording to equation (3) when PCI 5 acts on a salt, for POCIa, 
one of the reaction products in ( 2 ), can also act upon the salt. 
Equation (1) fails to account for the hydrogen chlorkle which is 
formed in abundance when phosphorus trichloride acts upon 
acetic acid. Brooks * has proved that the hydrogen chloride 
is formed in secondary reactions between the acid chloride and 
acetic acid and between the acid chloride and phosphorous acid : 

CH 3 COOH + CH 3 COCI (CH 3 GO)oO -f HCL (4) 

^(0H)2 

HsPOa + CHsCOCl-^Pf 4-HCl. (5) 

^OCOCHa 

The acid chlorides having fewer than sixteen carbon atoms 
are liquids. The lower members fume in moist air and boil 
at low temperatures. They all react with water, forming the 
corresponding organic acid and hydrochloric acid. They react 
readily with alcohols, amines, alkyl magnesium halides, am- 

* Benjamm T. Brooks. J, Am. Chem. Soc., 34, 492 (1912). 
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monia, salts of organic acids, and other reagents. They are 
useful, therefore, as sources of esters, amides, ketones, and acid 
anhydrides. 

TjT^iciil reactions of the acid chlorides are represented by 
the following equations : 

CH3 • CO . Cl + C2H5OH — CHs • CO • OC2H5 + HCL (1) 
CHs • GO - Cl + C2H5NH2 CHa ■ CO • NHC2H5 + HCl. (2) 
CHs-CO-Cl+AgCN— >CH 3 'CO-CN + AgCL ( 3 ) 

CH3-CO.Gl + 2C2H5MgCi 

— i- CHa • C^OMgCl + MgCIa. (4) 
\C2H5 

On hydrolysis, the product formed in equation (3) yields a salt 
of an a-ketonic acid, 

GHa . CO . CN + 2 H2O — > CHs • CO • COONH4 ; 

and the compound formed in the reaction represented by equa- 
tion (4) yields a tertiary alcohol, 

yCoHr, /G2H5 

CH3 • C 0 "OMgCl + H2O — ^ GH3 • CeOH -f MgClOH. 
NC2H6 \C2H5 

Formyl cldoride, H • COCI, has not been isolated in a pure 
state, for it decomposes into hydrogen chloride and carbon 
monoxide. In many cases, however, a mixture of HCl and 
CO responds to the tests one would expect to obtain with the 
chloride of formic acid, and this mixture is often called foimyl 
chloride. 

Phosgene, or carbonyl chloride, COCI 2 (a derivative of car- 
bonic acid), is made bj?- the direct addition of chlorine to carbon 
monoxide under the catalytic influence of light or charcoal. 
The liquid boils at 8°. It is extremely poisonous and has been 
used extensively in gas warfare. It is very soluble in benzene 
and in toluene. It fumes in moist air, forming carbon dioxide 
and hydrogen chloride, and is decomposed by alcohol, with the 
formation of hydrogen chloride and chloroformic ester : 

yCl /Cl 

CO 4 - C2H5OH — ^ CO 
\ci \OC 2 H 5 


+ HC1. 
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Urethane, a valuable hypnotic, is prepared from ehloro- 
formic ester by treatment with ammonia: 

^C 1 

C^O + 2NH3 — >• C =0 + jNil'UCL 

■^OCsHs '\OC2IU 

Urethane is a colorless crystalline body (m.p. 50 "', b.p. 180 ®) 
having a faint odor. It is an ester of carbamic acid. 

/NH2 

Carbamic acid has the formula C^O . Notice its rela- 

\OH 

tionship to carbonic acid and to urea: 

/OH /'NH2 

C^O C-vO 

\OH \NH2 

Carbonic acid TJrea 


Carbamic acid has not been obtained in the free state. Many 
of its salts and esters are known. 


ACID ANHYDRIDES 

The removal of one molecule of water from two molecules 
of a monobasic acid results in the formation of an acid anhy- 
dride : 

yyO /S 


R • CC 
\OH 
/OH 


K • Cf 

>0 + H 2 O. 
R'C/ 


Acid anhydride 


In some cases the dehydration may be accomplished by 
warming the acid with phosphorus pentoxide ; but the result is 
usually achieved by other means. An acid anhydride may be 
made by distilling a mixture of an acid chloride and a salt of 
the acid. Acetic anhydride is easily prepared by this method : 

CHs - GOONa CH3 • COv 

— > > 04 -NaCI. 

CHs-COGl CH3.GO/ 

Properties. The anhydrides of low molecular weight are 
colorless liquids ; the higher members are solids. Although they 
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are less reactive than the acid chlorides, they combine with al- 
cohols, amines, and water, as do the acid chlorides, 3rieldmg 
esters, amides, and acids respectively : 

R • C? 

}0 4 - R'OH R • COOR' + R • COOH. 

R • CC Ester 

^0 

Acid anliydride 

R-Cf 

>0 + R'NHa R • CO • NHR ' 4 R • COOH. 

R • Cl Amide 

%o 

R.Cf 

>04H0H-^2R.CQ0H. 

R ' C;^ Acid 

^0 

With metallic oxides and hydroxides the anhydrides act like 
the free acids ill forming salts. The lower members are more 
reactive than those of high molecular weight. A few of the 
solid anhydrides may be crystallized from water without revert- 
ing to the hydrated form. 

The anhydride of formic acid has never been prepared. When 
treated with a dehydrating agent, a molecule of water is elimi- 
nated from one molecule of formic acid, and carbon monoxide 
is formed. Carbon monoxide can hardly be regarded as a true 
anhydride of the acid, for it does not dissolve in water with the 
regeneration of the acid. The gas does dissolve, however, in 
molten metallic hydroxides, forming salts of formic acid. 

.'.ESTERS ■ 

Alcohols and acids combine, with the elimination of water 
and the formation of compounds known as esters. The reac- 
tion between acetic acid and ethyl alcohol is typical : 

CH 3 COOH 4 C 2 H 5 OH — CH 3 COOC 2 H 5 4 H 2 O. 

The equation reminds one of the neutralization of an acid by 
a base. The resemblance, however, is only formal. Alcohol is 
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not a base, and the reaction indicated above is not ionic. Ioniza- 
tion is favored by the presence of water, but this reaction goes 
best under anhydrous conditions. It can be stopped by the 
addition of water to the mixture. There is other evidence that 
in the formation of water between the two reagents the hydroxyl 
comes from the acid and the hydrogen from the aicohol. A mix- 
ture of hydrochloric and acetic acids, for example, acts upon 
alcohol to form ethyl acetate and practically no ethyl chloride. 
If ethyl chloride were formed the hydrogen would necessarily 
come from the hydrochloric acid and the hydroxyl from the 
alcohol, but in forming ethyl acetate the liydrogen may be 
furnished by the alcohol and the hydroxyl group by the acid or 
vice versa. The experimental fact is that when hydrochloric 
acid and acetic acid are mixed and allowed to compete for 
alcohol molecules the acetic acid — the only one of the acids 
that can yield a hydroxyl group — is the one that is esterified. 

An analogous reaction with mercaptans tlirows some light 
on the question. Two possible courses for the action of acids 
and mercaptans are represented in the equations 


R.CO OH + H SR^ 


R . COO H + HS R' 


RCOSR' + H.O; 
RCOOR' + H2S. 


< 1 ) 


If the acid yields the hydroxyl group, as indicated by the first 
equation, water would be eliminated. If the acid supplies the 
hydrogen atom, as shown in the second equation, hydrogen 
sulfide would be liberated. The reaction ordinarily proceeds 
according to the first equation, splitting off water rather than 
hydrogen sulfide, indicating that in the formation of thioesters 
the hydroxyl group is removed from the acid. However, there 
are exceptions to this rule. 

Similarly the thiol acids, RCOSH, may react with alcohols 
in either of two ways : 


R • CO SH + Hl OR' RCOOR' + H2S ; 


R-COS H + HO R'— ^RCOBR' + HAU 


( 4 ) 

All of the possibilities represented by the four equations 
shown above have been realized. Some acids and alcohols react 
mainly in one way and other mixtures react in the opposite way. 
Thiolacetic acid, CH3COSH, reacts with ethyl alcohol, yielding 
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both hydrogen sulfide and water. In this reaction 78 per cent 
of the molecules follow the course indicated in equation (3) and 
22 per cent react as indicated in equation (4). When thiolacetic 
acid is mixed with isoprop:yi alcohol the products formed are 
CHsCOOCsHt and H 2 S exclusively, but the same acid reacts with 
triphenyl: earbinol, (CeHslsCOH, forming CHsCOSCfCeHsIs 
and H 2 O only. For the details of experiments in this field 
consult the papers listed below.* 

Esters occur in great abundance in nature. All vegetable 
and animal fats and oils belong to this class of compounds, and 
many of the flavors and perfumes of fruits and flowers are due 
to esters. Ai'tificial perfumes and synthetic flavors are prepared 
in commercial laboratories from the lower acids and alcohols ; 
thus, methyl alcohol and butyric acid yield an ester, methyl 
but 3 ?rate, C3H7COOCH3, which is on the market as a substitute 
for the flavor of pineapple. Isoamyl acetate, CH3GOOC5H11, 
is known as pear oil, and octyl acetate, CHsCOOCgHi?, has the 
odor and flavor of oranges. 

Esters may be hydrolyzed by boiling them with dilute acids or 
alkalies, or by prolonged heating with steam, the original acid 
and alcohol being regenerated. Isomeric esters are easily dis- 
tinguished from each other by identifying their hydrolysis prod- 
ucts. Thus, ethyl acetate, CH3COOC2H5, takes up one molecule 
of water and forms acetic acid, CH3COOH, and ethyl alcohol, 
C2H5OH;, whereas the isomeric ester, methyD propionate, 
C2H5GOOCH3, when hydrolyzed, yields propionic acid and 
methyl alcohol. 

Ethyl mefate. Ethyl acetate, GH3 • COOG2H5 (b.p. 77°, 
sp. gr. 0.9028), is formed by the action of ethyl alcohol on acetic 
acid. It is a clear, colorless liquid with a pleasant, fruity odor. 
It is slightly solutie in water (8.6 parts per 100) and miscible 
in all proportions with alcohol or ether. Since the reaction is 
reversible, it is not possible to convert the acid and alcohol 
quantitatively into the ester. Equilibrium is established when 
the rate of hydrolysis is equal to the rate of ester formation : 

CHs • COOH + G0H5OH :7=±: CH3 • COOC2H5 + H2O. 

If equimolal quantities of the acid and alcohol are used, 
equilibrium is reached when two thirds of the acid has been 

* Pratt and Reid, J. Am. Chcm. Snc., 37, 1934 (1915), Reid, J. Am. Chem. Soc., 
39, 1930 (1917). Stewart and McKinney, J, Am. Cliem. Soe., 53, 1482 (1931). 
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changed. The condition of equilibrinm is almost independent 
of the temperature (65.2 per cent at 10°, 66.5 per cent at 220°), 
but the rate of approach to equilibrium is greatly increased by 
raising the temperature. 

If at the beginning of the reaction we have a moles of acid 
and h moles of alcohol, and if when equilibrium is established 
X moles of acid and of alcohol have been used in forming 
X moles of ester and of water, then 

(a — x){b — x) 

The numerical value of the equilibrium constant, 1*, may be 
calculated by substituting in this equation the values indicated 
in the last paragraph : 



With h known, the quantity of ester that will be formed in any mixture 
of pure alcohol and acid may be calculated. Thus, if we begin with 1 mole 
of acetic acid and 2.9 moles of alcohol, equilibrium will be reached when 

= 4. The conversion of acid to ester in this ca.se amounts 

(1 - a:) (2.9 - k) 

to nine tenths of the theoretical value. In actual practice the relative 
costs of materials determine the excess of the cheapest reagent tliat can be 
employed economically to increase the percentage yield on tlie basis of the 
more expensive reagent. Another practical means of favoring the reaction 
in either direction is that of withdrawing one of the products from the 
field of action. The activity of the water formed in esterification is re- 
duced by the presence of sulfuric acid. If sulfuric acid is added, the active 
mass of water formed is kept very low, the value given for k can hardly 
be attained, and the reaction goes almost to completion. The equation 
given above cannot be applied when a dehydrating agent is present, unless 
the effect of such an agent in reducing the activity of the water is known. 

The usual laboratory procedure for the preparation of ethyl 
acetate consists of mixing equal quantities of alcohol and con- 
centrated sulfuric acid, heating to 140°, then adding a mixture 
of equal quantities of alcohol and glacial acetic acid. The 
alcohol and acid mixture is introduced by means of a dropping 
funnel at about the same rate that the ester distills over. 

The mechanism of the reaction in the presence of sulfuric 
acid probably involves the formation of ethyl sulfuric acid, 
C2H5HSO4, and a subsequent reaction between this compound 
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and acetic add in which the sulfuric acid is regenerated and 
eth.yl acetate is formed/*' 

Fats. 1 he fats and oils, so widely distributed in animal and 
vegetable tissues, are esters of the trihydric alcohol, glycerol. 
The principal acids combined with glycerol in the natural fats 
are stearic, C17H35COOH, palmitic, CisHsiCOOH, oleic, 
C17H33COOH, and butyric, C3H7COOH. One molecule of 
glycerol combines with three molecules of acid to form a fat. 
The three acid molecules may be alike or diiferent. Stearin, 
palmitin, and olein are represented by the following structures : 


CH2 • 0 • CO • C17H 
in • o • CO ■ C17H3 




H2 • 0 • CO • C17H35 

Tristuarin 


CHo • 0 • CO • C15H31 

in-o- 

in.- 


CO • C«H 3 i 


2 ■ 0 • CO • CisHsi 

Tripalmitin 


CHo • 0 . CO • C17H33 
in . 0 • CO ■ C17H33 


CHa • 0 • CO • C17H33 

Triolein 


The natural fats are mixtures of these esters with smaller 
quantities of glycerol esters of other acids and with mixed 
esters, that is, esters in which two or three different acids are in 
combination with the same glycerol residue. 

Oleopalmitobutyrate occurs in butter fat. Human fat con- 
sists, primarily, of a mixture of tripalmitin and dioleostearin. 


CH2 • 0 * CO • C1TH33 
CH • 0 • CO . C15H31 


CH2 • 0 • CO • C17H33 


CH . O • CO . C17H33 


CHs • 0 • CO • C3H7 CH2 ■ O • CO • C17H35 

Oleopalmitobutyrate Dioleostearin 

* Sulfuric acid acts upon alcohol in a variety of ways. The reaction products 
and the conditions under which they are formed have been investigated by Evans 
and Albertson. The following equations represent the principal reactions; 

Call.'iOH + HaSOi (D 
2 CaHsOH + H 2 SO 4 — CaHiiOCaHs + HaSOi > HaO. (2) 

Camon + TIaSO.i — 5- CalP 4- H 2 SO 4 ‘ HaO. (3) 

2 CallsOH + II 2 SO .4 — >- (C 2 H!>) 2 SO.i + 2 HaO. (4) 

VaHnOir + llaSO-j — ^ CHaOH • CHaSOaOH + HaO. (5) 

CaHsOH + 2 HaSO^ — >■ CHaHSOi > CHaSOaOH + 2 HaO. (6) 

(Evans and Albertson, J. Am, Chem. Sor., 39, 456 (1917).) 
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Butter contains glycerol esters of stearic, oleic, 

myristic, capric, caprylic, caproic, and biityrie acids. About 
90 per cent of butter fat consists of esters of the first three 
acids in the list. Tristearin is the chief component of beef 
tallow, and triolein predominates in cottonseed oil. 

Olive oil contains from 25 per cent to SO per cent of tri- 
palmitin and about 65 per cent of triolein. Linseed oil contains 
many unsaturated fats, including esters of liiioleic, linolenic, and 
isolinolenic acids. The last two acids are highly imsiturated. 
They have the formula C17H20COOH. The structiires are 
unknown. Linoleic acid contains two double bonds and has 
the formula G17H31COOH.: , These unsaturated acids and the 
esters derived from them absorb oxygen from the air, forming 
saturated compounds. On account of this property linseed oil 
is a valuable component of varnishes and paints. It is called a 
drying oil. The oxidation product is a firm, smooth, solid sub- 
stance. Linseed oil dries faster if it has been boiled with lead 
acetate or with litliarge. These substances are i)rart.ietdly in- 
soluble in the oil, but enough is held in solution to catalyze 
the union of the oil with oxygen of the air. Litioleiun is made 
from boiled linseed oil and ground cork. 

The iodine value. Fats may often be idontifK-'d or distinffuishod from each 
other by estimating the quantity of the unsaturated esltuv? presf-nt. This is 
accomplished by measuring the iodine absorbed. Two atoms of iodine will 
be taken up at each double bond. A weigiuid (piantity <^f fat is dissolved in 
chloroform and titrated with an alcoholic solution of iodine and nuircuric 
chloride. The iodine number is the per cent of iodine absor)>ed, calculated 

on the basis of the weight of oil used, that is, x tOO. The 

weight of fat 

iodine value of cottonseed oil is 111 to 116, and of coconut oil, 8.5 to 9.0. 

The Reichert-Meissel number. Fatty acids of low molecular weight are 
soluble in water and volatile with steam. Higher members either do not 
distill with steam or fail to dissolve in the distillate. The quantity of ester 
of low molecular weight may be estimated by saponifying the fat. acidifying 
with sulfuric acid, distilling with steam, and titrating the cold filtered "dis- 
tillate with an alkali. The Reichert-Meissel number is the nurnbf;r of cubic 
centimeters of tenth normal base required to neutralize the w'at(!r-soluble 
volatile acid found in 5 g. of fat. The Reichert-Meissel number of butter is 
22 to 30; of oleomargarine, 0.5 to 1.6; and of lard, 0.3 to 0.6. 

Fats may be hydrolyzed by boiling with dilute acids or al- 
kalies or by heating with steam. The product.^ formed are 
glycerol and the free fatty acids or, if boiled with alkalies, 
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glycerol and the salts of fatty adds (soaps). Hydrolysis by 
an alkali is referred to as saponification. 


GH2 • 0 • GO.. C17H35 


GHoOH 


CH • 0 • CO * C17H35 + 3 NaOH — ^ CHOH + 3 CnHasCOONa. 


CH2*0-C0-Ci7H35 


CH2OH 


Since all natmal sources of fats yield mixed esters, the soaps 
ordinarily manufactured are not pure salts. They are mix- 
tures of the salts of several acids — chiefly stearic, palmitic, and 
oleic — in which more or less water, glycerol, and alkali are in- 
coiporated. Different soaps are made by varjdng the relative 
proportions of different fats, by using different bases, by in- 
corporating different amounts of glycerol, and so on. Hard 
soaps and soap powders are made by saponifjdng solid fats with 
sodium hydroxide. Potassium salts are softer than the cor- 
responding .sodium derivatives, and soaps derived from oils are 
softer than those obtained from solid fats. Calcium, magnesium, 
and barium salts of the fatty acids are not soluble in water. 
When a soluble soap is added to hard” water, a flocculent 
precipitate of the calcium or magnesium soap separates, and 
the water is "softened” as effectively as if accomplished by 
precipitating these metals as hydroxides by the addition of 
sodium hydroxide or ammonia. The use of soap for softening 
water is not an economical practice. 

The free fatty acids are prepared in large quantities by hydro- 
lyzing the fats with superheated steam. Stearic acid freed by 
pressure from, the softer acids is mixed with a little paraffin 
to render it less brittle and is used in the manufacture of candles. 

Lecithins. I.ecithms, though less abundant than fats, occur 
in almost every cell of the animal organism. They are like the 
fats in many respects. When boiled with dilute acids, lecithins 
take up water, forming free fatty adds, choline, and glycero- 
phosphoric acid. The latter is also partly hydrolyzed to 
phosphoric acid and glycerine, so that the ultimate hydrolysis 
products are the same as for the fats plus phosphoric acid and 
choline. Choline, 


/CHs * CH2OH 
(CH3)aN< 
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is found in combination with complex acids in the bile. The 
name choline is derived from the Greek word meaning bile. 
In lecithins choline is combined with phosphoric add, forming 
a group which takes the place of one acid radical in the fats. 
The formula of distearyl lecithin is 

CH2 • 0 • COC17H35 

CH • 0 • CO • C17H3S 
/OH 

CHs-O-P^O 

\0 • CHa . CH 2 • NCGH/jOH 

Lecithins and other lipoids (fatlike bodies) are especially 
abundant in nervous tissue, but they are not confined to any 
particular kind of tissue nor to the animal organism. They 
are present in small quantities in plants. 

Lecithins dissolve in alcohol, chloroform, ether, benzene, and 
carbon disulfide. They are insoluble in water and only slightly 
soluble in acetone. Most of them crystallize from alcohol in 
thin, transparent plates, colorless or slightly yellow. A prepa- 
ration of a lecithin can be made by grinding the brain of an 
animal with a little sand and allowing it to stand uncler cold 
ether two or three days. Acetone is then added to the dear 
ether extract, and lecithin is precipitated. 

ESTERS OF INORGANIC ACIDS 

Nitrous esters. Sodium nitrite acts upon a mixture of al- 
cohol and sulfuric acid to form the nitrous acid ester of the 

alcohol: 

C2H5OH + HONO — > C2H5ONO + H2O. 

The sa.me product may be formed from alcohol and nitrosyl 

chloride: 

C2H5OH + CINO C2H5ONO -f- HCL 

^ Silver nitrite acts upon many alkyl halides, pretapitating a 
silver halide and forming two different alkyl derivatives of 
nitrous acid having the same empirical formula. One of these 
isomers is an ester, the other a nitro body. The nitrogen is 



Ethyl nitrite 



at a higher temperature than the corresponding nitrite in 
every case. Nitromethane, for instance, boils at 101.9° and 
methyl nitrite at --12°. The ethyl derivatives boil at 114.8° and 
17° respectively. Each member of the high-boiling series can 
be reduced to an amine, indicating direct union between car- 
bon and nitrogen; and each member of the low -boiling gi-oup 
can be hydrolyzed to an alcohol and nitrous acid, indicating 
that the nitrogen and carbon atoms are linked together through 
an oxygen atom. 

Nitric esters. Esters of nitric acid are formed by the direct 
action of concentrated nitric acid on alcohols at 0° to 40° G. 


At higher temperatures the acid acts as an oxidizing agent. 
Nitric esters are combustible, and if heated under pressures 
greater than one atmosphere, they may explode. They boil 
at temperatures higher than the boiling points of the corre- 
sponding nitrites, as shown in the following table ; 



* Explodes. 
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Til© most import&nt ester of nitric ncid is 
glyceryl trinitrste. Though, commonly cslled niti ogiyceriiiej. 
it is not a true nitro body, for the nitrogen atom in the NO 2 
group is not attached to carbon. The compound is formed by 
injecting a spray of glycerol into a mixture ol coiiceriti ated 
nitric and sulfuric acids which is agitated by compressed air: 

CH2OH CH2ONO2 

CHOH + 3 HNO 3 — > CHONO 2 + 3 H 2 O. 

(iHaOH CH2ONO2 

The temperature of the mixture is held between 20 ° and 30® C., 
and the time required for nitration is about one houi’. The 
nitroglycerine floats on the waste acids. It is drawn off and 
washed with water and with dilute sodium carbonate solutions 
until free from acids. 

Nitroglycerine (m.p. 8 °, sp. gi*. 1.60) is a sweet, poisonous, 
oily liquid, colorless and odorless when pure but pale yellow 
as ordinarily prepared. It is practically insoluble in water; 
soluble in alcohol, benzene, and chloroform. It explodes when 
struck with a hammer or subjected to any other sudden shock. 
It is usually detonated by means of a mercury fulminate cap. 
The products of the explosion are carbon dioxide, water, nitro- 
gen, oxygen, and nitrogen oxides. The energy released is equiva- 
lent to about six kilogrammeters per gram. 

Dynamite is made by absorbing nitroglycerine in wood pulp or 
in infusorial earth. In this form the substance may be trans- 
ported safely. Sodium nitrate, potassium nitrate, and sulfur are 
components of some brands of dynamite and blasting powders. 

Blasting gelatins are made by absorbing nitroglycerine in 
nitrocellulose or in mixtures of nitrocellulose, wood pulp, and 
inorganic nitrates .or chlorates. These , are among the most 
powerful explosives known. 

Sulfuric esters. Ethyl hydrogen sulfate, C 2 H 5 HSO.j, is an 
oily liquid (sp. gr. 1.316) which decomposes before boiling. 
It is formed from alcohol and concentrated sulfuric acid at 
ethylene gas and fuming sulfuric acid. Its 
barium salt is soluble in water, a property that makes possible 
its separation from the unchanged acid. When heated with 
water, it regenerates the alcohol and acid. If heated with 




means 


C 2 li 5 HS 04 + HBr 
C2H5HSO4-I-KCN 
C2H5HSO4 + heat 


C2H5Br + H2SO4. 
C2H5CN + KHSO4. 
G2H4 + H2SO4. 


Methyl sulfate, (CH3)2S04 (b.p. 188% m.p. —31.8% sp. gr. 




into alcohols and amines. The hydrogen atoms in the groups 
OH, NH2, and NH are replaced by methyl groups when treated 
with this ester. Sulfur trioxide acts on methyl alcohol at — 5° 
to 0°, producing methyl hydrogen sulfate. This product when 
distilled under reduced pressure yields the neutral ester: 

2 CH3HSO4 —>• (CH3)2S04 + H2SO4. 


bromic, and hydriodic acids have been discussed as alkyl halides. 

ACID AMIDES 

The acid amides are formed by replacing hydrogen of ammo- 
nia by acy] radicals. They are primary, secondary, or tertiary, 
depending upon the number of hydrogen atoms replaced. 


R . CONHo 

Primary amide 


(R . C 0 ) 2 NH 

■ Secondary amide 


(R • COlaN 

Tertiary amide 


The secondary and tertiary compounds are of little impor- 
tance and quaternary amides are unknown. With the exception 
of formamide, a liquid, the primarj^ compounds are colorless 
solids, soluble in water, and, when pure, they are odorless. 
The lower members can be distilled under atmospheric pressure 
without decomposition. They may be prepared from many 
acid derivatives. 

1. Amides are made by the action of ammonia on an acid 
chloride, an acid anhydride, or an ester : 


CH3COCI4-2NH3 
(CH3C0)20 + 2NH3 
CH3COOR + NH3 


CH3CONH2 + NH4CL 
CH3CONH2 + CH3COONH4. 
CH3CONH2 + ROH. 



% 


a mixture of ethyl acetate, ammonia, and water because the 
reaction of the ester with ammonia (ammonolysis) is faster than 
the reaction with water (hydrolysis). The isolation of the amide 
depends also upon the fact that the hydrolysis of the amide is 
a slow reaction. If the mixture were allowed to stand for several 
days the products would be ammonium acetate and alcohol. 
Acetamide is purified by distillation. It boils at 222® and con- 
denses to a colorless crystalline product which melts at 81®. 

2. By heating the ammonium salt of an acid in a sealed tube 
at 150® to 230® for five or six hours an amide is produced : 

CHs • COONH4 — > H2O 4- CHs • CONH2. 


CH3 • CN + H2O — GHs • CONH 


peroxide in alkaline solution. The reverse of this reaction 
occurs when an amide is heated with a dehydrating agent. 
Methyl cyanide is obtained when acetamide is heated with 
phosphorus pentoxide ; 

CHs • CONH2 -H- CHs - GN + H2O. 

Properties. The amides are readily hydrolyzed by heating 
with water, the hydrolysis being catalyzed by hydrogen ions, 
and to a greater extent bvhvdroxide ions : 


CH3CGNH2 4 H2O + HCl 

Amides are converted into amines through the agency of 
bromine and potassium hydroxide : 

CH3CONH2 + Br2 + 4KOH 

CH3NH2 + K2CO3 + 2 KBr + 2 H2O. 

This reaction is especially successful with amides of low molec- 
ular weight (see page 431). 







HALOGEN DERIVATIVES 

The acid chlorides, anhydrides, and esters form substitntion 
products with chlorine and bromine. The halogen displaces 
hydrogen on the cK-carbon atom: 

CH3-CH2--GOCI + CI 2 CHs— CHCl—COCl + HCl. 

Prom the halogen-substituted compounds the a-halogen acids 
are obtained by hydrolysis : 

CH3— CHCl— COCl + H2O — »■ CH3— CHCl— COOH + HCL 

The jS-halogen acids are obtained by indirect methods. Hot 
alcoholic potash converts an a-halogen acid into a salt of an 
unsaturated acid. Treatment of the salt of the unsaturated 
acid with hydrobromic acid or hydriodic acid results in the 
formation of a ]d-halogen derivative of a saturated acid. (See 
page 887.) 

CHs— GHBr— COOH + 2 KOH in alcohol 

— CH 2 =-CH— COOK + KBr + 2 H 2 O. 

' '2 'HBr 

CH 2 -CH— COOK CH2Br—CH2-C00H + KBr, 

* At 100 mm, t At 15 mm. t At 12 mm. 
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Chloroacetic acid, CH2CICOOH, is a colorless, crystalline 
solid which melts at 63° and boils at 1S7°. Diehluroaceiic acid, 
CHCI2COOH (b.p. 191°), is a liquid at ordinary temjicratiires. 
Trichloroacetic acid, CCI3COOH, melts at 52'^ ami boils at 
195°. These acids are stronger (more extensively ioni/.ed ) t.han 
unsubstituted acetic acid. Their dissociation const an is are 
listed on page 82. 

AMINO ACIDS 

The amino acids are derived from the saturated acids by 
several indirect methods. A concentrated aqueous solution of 
ammonia acts upon a halogen-substituted acid, eoll^’e^t;ing it 
into the ammonium salt of an amino acid : 

RCHClCOOH d- 3 NHs RCHNH^COONH.i + XH,CL 


The best general methods for making amino acids iin'olve the 
use of reagents that have not yet been described. Amf)ng these 
reagents are malonic ester and potassium phthaliniide. Mirther 
discussion of the preparation of amino acids, therefore, wdll be 
postponed (seepages 294-419). 

With few exceptions the oj-amino acids are colorle.'^s erj's- 
talline solids characterized by high melting points. Since they 
possess the basic amino group a.s well as the acidic* car];)oxyl 
group, they exist largely in the form of intramolecular salts : 

R R 

1 I 

H—C— NH 2 :?=±: H—C— NHa-. 


COOH 


coo- 


The a-amino acids, when heated, yield e.ydic anhydrides 
(see page 302). The jd-amino acids are converted by heat into 
ammonium salts of unsaturated acids : 

CHs— CHNH2--CH2-C00H-->-CH3— CH-=CH-C00NH4. 

The 7 -amino acids and 5-amino acids yield lactams : 
CHsNHa—CHs-CHa-COOH 


7-Aminobutyric acid 


CH2-CH3-CH2— CO + H1.0. 
I nh — - — I 


Butyrolaotam 



R—CHOH— COOH + N2 + HaO. 

3. Aldehyde acids and ketone acids are reduced by sodium 
amalgam : 

R~CO~~-CH 2 ~COOH + 2 Na + H 2 O 

— >• R— CHOH— CHa—COONa + NaOH. 

4. Aldehydes and ketones form addition products with hydro- 
cyanic acid. These products — called cyanhydrins — ~ are readily 
hydrolyzed to hydroxy acids: 

R --CHO + HCN V R— CHOH— CN ; 
RCHOHCN + 2 H 2 O + H+ RCHOHCOOH + 

Reactions of hydroxy acids. When heated the a-hydroxy acids 
lose water, forming cyclic compounds : 

CHs— CHOH HOOC 


C0OH HOE 

o-Hyciroxypropionic add 


Under similar treatment jS-hydroxy acids form unsaturated 
acids : 

CH 3 — CHOH—CHa—COOH 

P-Hydroxybutyric add 

— ^ CHs— CH=CH— COOH + H2O. 

Crotonic add 
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The 7 -hydroxy acids and 5-hydroxy acids are converted by heat 
into lactones : 

CH2OH— CH2— CHj— COOH 

■y-Hydroxybutyxic acid 

— > CH2— CH2— CH2-CO 4 * H2O. 

I 0 J 

Butyrolactone 

There are other methods for producing lactones, as, for ex- 
ample, by heating 0 ^ 7^ unsaturated acids : 

CHs— CH=CH— CH 2 ~C 00 H 

— CH3— CH— CHa— CHs— CO. 


Lactic aeid.^ a-hvdroxvnropionic acid, is obtained from sour 
or from the fermented juice of sugar beets. It is sold in 
the form of a sirupy liquid consisting of 85 per cent acid and 
15 per cent water. The pure acid (obtained from an aqueous 
solution through vacuum distillation) boils at 83“ under 1 mm. 
pressure. Some difliculty is experienced in making pure lactic 
acid, for it is very deliquescent and it decomposes rather easily 
when heated. Heat alone converts it into lactide, as indicated 
above, and when heated with sulfuric acid to 130® it yields 
acetaldehyde and formic acid : 

CH 3 ~CH 0 H-C 00 H CH 3 -CHO + H-GOOH. 

Lactic acid is readily oxidized by chromic acid, the products 
being acetic acid, carbon dioxide, and water : 

3 CHa—CHOH— COOH + 2 CrsOr" " + 16 H+ 

— > 3 CH3— COOH + 3 CO2 + 4 Cr+ + + + 11 H 2 O. 


OPTICAL ISOMERISM 


Compounds having the same composition and the same mo- 
lecular weight, but possessing different properties, are called 
isomers. In the earlier chapters we traced the origin of one type 
of isomerism to variations in molecular structure, and we called 
it structural isomerism. Thus, for example, we were able to 
account for differences in the properties of %-butane and iso- 
butane by assigning to the two molecules different structures. 
The former was represented by a continuous chain of carbon 
atoms and the latter by a branched chain. We found it possible 
to account for the properties of two propyl alcohols by placing 
the hydroxyl group on a terminal carbon atom in one formula 
and on the central carbon atom in the other. 

In unsaturated compounds we found that a change in the 
position of the double or triple bond modifies the properties 
of a compound, and in connection with unsymmetrical deriva- 
tives of ethylene we encountered a type of isomerism due to 
different spaeial arrangements of similar atoms or groups. This 
kind of structural variation we called geometrical isom.erism. It 
is one type of stereoisomerism — an isomerism due to different 
arrangements of atoms or groups in space. 

We must now consider a tjT)e of stereoisomerism, or space- 
isomerism, that is not dependent upon the presence of a double 
bond but that is due to an asymmetric structure, that is, a 
structure in which there is no plane of symmetry. Quartz 
crystals and tartaric acid crystals are asjTnmetric solids. 
Asymmetric molecules are formed w-henever four dissimilar 
atoms or groups become attached to the same atom, and 
substances composed of asymmetric molecules exist in isomeric 
forms not only in crystalline state but also in the liquid and 
gaseous states. Isomers of this type can be distinguished from 
each other by observing their effects upon plane-polarized light. 
They possess different optical properties, and they are classified 
as optical isomers. 

Light is polarized when it passes through a Nicol prism — a 
prism made of crystalline tourmaline or Iceland spar. The 
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light, before entering the prism, is the result of wave motions 
in all planes that are perpendicular to the path of propagation 
of the beam. The light that gets through the prism is plane- 
polarized ; that is to say, the vibrations are in a single plane. 
The ray of light that passes through one Nicol prism will pass 
through a second similar prism if the two are held in correspond- 
ing positions; but if the second prism be slowly turned while 
the faces of the two are kept parallel to each other, the light 
emerging from the second prism gradually diminishes in 
intensity. Total darkness is produced when the second prism 
has been rotated through an angle of 90°. 

In 1815 Biot observed that if a transparent layer of quartz 
crystal be placed between two tourmaline plates, then the 
maximum illumination is obtained not when the tourmaline 
plates are in corresponding positions but after one of them has 
been turned through an angle, the magnitude of which depends 
upon the thickness of the quartz. In other words, light is 
polarized when it passes through a layer of tourmaline, but the 
plane of polarization is changed when this light passes through 
a layer of quartz. Some of Biot’s quartz crystals were dextro- 
rotatory (turned the plane of polarization to the right) and others 
were Ixvorotatory (rotated the plane of polarization to the left). 
Biot discovered also that solutions of many organic compounds 
have the same effect. By passing plane-polarized light through 
tubes that contained solutions of sugars, salts, and organic 
acids, he found that some of them were optically active (that 
is, they tmmed the plane of polarization either to the right or to 
the left) but that most of them were optically inactive. He dis- 
covered that the rotation produced by a solution of an optically 
active compound is proportional to its concentration and pro- 
portional also to the length of the column of solution which the 
light traverses. The exact angle of rotation is dependent also 
upon the wave length of the light used. 

In 1848 Pasteur, familiar with Biot’s work, and knowing that 
quartz crystallizes in hemihedral forms, reached the conclusion 
that optical activity might have a definite relationship to 
crystal form. He tried to confirm this idea by making a careful 
study of tartaric acid crystals. Three tartaric acids were known 
at that time, a dextrorotatory acid, a tevorotatory acid, and 
an optically inactive acid. Pasteur observed that the optically 
active tartaric acids and their salts form hemihedral crystals. 


OPTICAL ISOMERISM 


115 




n 









and be sup])Oried that the inactive tartaric acid, or a salt of this 
acid, would form symmetrical crystals. The result of his in- 
vestigation was at first disappointing, for he found that inactive 
tartaric acid, like the optically active acids, yielded hemihedral 
crystals. His very careful examination of the crystals of a salt 
of the inactive acid, however, revealed the fact that they were 
not all exactly alike. The angles between the faces were identical 
in all of them, but the crystals were not symmetrical and some 
of them were mirror images of others. He could pick out right- 
hand and left-hand 
crystals, and with the 
aid of a magnifying 
glass and a pair of 
tweezers he did this 
until he had a supply 
of both kinds. He dis- 
solved the two types 
of crystals separately 
and examined the solutions with the aid of a polariscope. One 
solution was dextrorotatory and the other was Imvorotatory. 
A mixture of equal quantities of the two solutions was optically 
inactive. 

In 1873 Wislicenus published the results of his study of the 
lactic acids, which differ only in their effects upon polarized light, 
and he made the suggestion that'* if it is once granted that mole- 
cules can be structurally identical and yet possess dissimilar 
properties, it can only be explained on the ground that the differ- 
ence is due to a different arrangement of their atoms in space.''' 

With the works of Pasteur and Wislicenus as a backgi’ound, 
vanT Hoff and Le Bel independently and simultaneously ex- 
tended the structure theory to cover all cases of optical isom- 
erism. They pointed out the fact that the compounds then 
known to exhibit optical activity each had at least one carbon 
atom attached to four different atoms or groups. Thus, for 
example, in the optically active amyl alcohol called secondary 


Crystal forms of sodium ammonium d-tartratc and 
sodium ammonium l-tartrato 


butyl carbinol,^' 


CH. 




CaH,-/ "'^CHaOH, 


♦This amyl alcohol is a r>rimary alcohol. The name “secondary btityl” refers 
to the radical, fCHs) (Calls) CII—, which is substituted for one hydrogen atom in 
carbinol, CII3OH. 
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the central carbon atom is attached to four different radicals, 

namely, CHs, C2H5, H, and CH2OH ^ ^ 

With phosphorus and iodine this alcohol is converted into an 

iodide, CH! 3 \ /H 

\c/ 

c^h/ '^ch-.i, 

which is asymmetric and optically active. 

The iodide, in turn, may be reduced to the hydrociirbon 

C2H/ '^ca, 

which is no longer asymmetric, and the compound is optically 
inactive. 

Three-dimensional models should be used to clarify the structural rela- 
tionship that exists between optical Isomers. Insert four short pieces of wire 
into a ball or a cork so that the wires extend outward at tetrahedral angles 
from the center. Attach to each of the four wires a small Ixill and let these 
four small balls be colored differently to represent four flifferein atoms. Make 
another model of exactly the same kind. X'^kice the two .side by side 

and arrange the balls of corresponding colors so that tlH*y occupy similar 
positions in space. Now, change the po.sitions of two of tin! bjills on one 
model, leaving the other a.s originally constructed. It is now impossilde to 
place the models in such positions that they ctjincudc througlioiit. It is 
possible, however, to place them in such po.sitions that ?)ne eorresponds to a 
mirror reflection of the other. 

When plane-polarized light enters an optically active sub- 
stance — a substance possessing no plane of symmetry — the 
plane of polarization is turned to the right or to the left and the 
farther the light travels through such a medium the greater 
the angle through which the plane of polarization is rotated. A 
polariscope is used to measure the extent of this rotation. The 
instrument is equipped with two Nicol prisms, one of which can 
be rotated. A tube filled with the liquid or solution to be 
examined is inserted between the two prisms. One of tlie prisms 
is then rotated until the illuminated field appears as it. did before 
the tube was inserted. The angle of rotation is read from a 
■scale.*v 

* The actual rotation is proportional to the concentration of tho Hoiufion anrl io 
the length of the tube. 

The specific rotation of a compound, [odl^, is the angle of rotation of plane- 
polarized light of wave length corresponding to the yellow .sodium lim' in the .solar 
spectrum when it traverses 10 cm, of a solution of the compound at 20® C., the eon- 



compound has no effect on polarized light. Such a mixture is 
said to be racemic. We frequently use the prefix d-, 1-, or r- in 
connection with the name of a compound to show that it is 
dextrorotatory, i^vorotatory, or racemic. A racemic mixture 


the two. More stereoisomers are possible if the compound has 
two or more asymmetric atoms.'^ 


centration of the solution beinjj one gram of the solute per cubic centimeter of solu- 
tion. Such a concentration cannot ordinarily be obtained, but the theoretical rota- 
tion under such conditions may be calculated from observations of the rotation 
produced in any solution of known concentration. 


In this equation is the specific rotation of the compound, a is the observed rota- 
tion (deg.), V the volume of the solution (cc,), I the length of the column (dm.), and 
■a? the weight of the dissolved substance (grams). For optically active liquids. 


In this case d is the density of the liquid * 


* Let « represent the number of asymmetric carbon atoms in a molecule, a the 
number of optically active forms, c the forms that are inactive owing to internal 
compensation, and r the racemic forma ; then (1) if the molecule cannot be divided 
into similar halves, a = 2«; c = 0 ; (2) if n is even, and the molecule forms similar 


halves, a 


(3) if n is odd and the formula yields similar halves by 
w-I n-l 


excluding the middle carbon atom, a s= 2”"^^ — 2 2 ; c = 2 * . always equa,Is “‘y 


one isomer and leaving the other form unchanged. With the 
aid of Pemcillium glaucum, Pasteur obtained laevotartaric acid 
from racemic tartaric acid. The dextrorotatory form was re- 
moved by the organism. 

2, In a few instances the two forms differ in crystalline struc- 
ture, and may be separated by mechanical means. Quartz and 
the sodium ammonium salt of racemic tartaric acid produce 
crystals some of which have right and others left hemihedrai 
faces. 
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the central carbon atom is attached to four different radicals, 
namely, CHs, C2H5, H, and CH2OH. 

With phosphorus and iodine this alcohol is converted into an 
iodide, 

C2H5/ 

which is asymmetric and optically active. 

The iodide, in turn, may be reduced to the hydrocarbon 

which is no longer asymmetric, and the compound is optically 
inactive. 

Three-dimensional models should be used to clarify the structural rela- 
tionship that exists between optical isomers. Insert four short pieces of wire 
into a ball or a cork so that the wires extend outward at tetrahedral angles 
from the center. Attach to each of the four wires a small ball and let these 
four small balls be colored differently to represent four different atoms. Make 
another model of exactly the same kind. Place the two models side by side 
and arrange the balls of corresponding colors so that they occupy similar 
positions in space. Now, change the positions of two of the balls on one 
model, leaving the other as originally constructed. It is now impossible to 
place the models in such positions that they coincide throughout. It is 
possible, however, to place them in such positions that one corresponds to a 
mirror reflection of the other. 

When plane-polarized light enters an optically active sub- 
stance — a substance possessing no plane of symmetry — the 
plane of polarization is turned to the right or to the left and the 
farther the light travels through such a medium the greater 
the angle through which the plane of polarization is rotated. A 
polariscope is used to measure the extent of this rotation. The 
instrument is equipped with two Nicol prisms, one of which can 
be rotated. A tube filled with the liquid or solution to be 
examined is inserted between the two prisms. One of the prisms 
is then rotated until the illuminated field appears as it did before 
the tube was inserted. The angle of rotation is read from a 
scale.* 

* The actual rotation is proportional to the concentration of the solution and to 
the length of the tube. 

The specific rotation of a compound, is the angle of rotation of plane- 
polarized light of wave length corresponding to the yellow sodium line in the solar 
spectrum when it traverses 10 cm. of a solution of the compound at 20° C., the con- 
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A mixture of equal quantities of dextro and Ixvo forms of a 
compound has no effect on polarized light. Such a mixture is 
said to be racctmc. We frequently use the prefix d-, or t- in 
connection with the name of a compound to show that it is 
dextrorotatory, lasvorotatory, or racemic. A racemic mixture 
of optically active forms is sometimes regarded as a third sub- 
stance having the same structural formula. 

One assnnmetric carbon atom in a molecule gives rise to two 
optically active forms and one inactive (racemic) mixture of 
the two. More stereoisomers are possible if the compound has 
two or more asymmetric atoms.* 

Resolution of racemic mixtures. Three general methods are 
employed to resolve racemic mixtures into their optically active 
components. 

1. Some microorganisms gi*ow in racemic mixtures, destroying 
one isomer and leaving the other form unchanged. With the 
aid of Pmiicilliwm glaucimi, Pasteur obtained tevotartaric acid 
from racemic tartaric acid. The dextrorotatory form was re- 
moved by the organism. 

2. In a few instances the two forms differ in crystalline struc- 
ture, and may be separated by mechanical means. Quartz and 
the sodium ammonium salt of racemic tartaric acid produce 
crystals some of which have right and others left hemihedral 
faces. 


centration of the solution beinj? one gram of the solute per cubic centimeter of solu- 
tion. Such a concentration cannot ordinarily be obtained, but the theoretical rota- 
tion under such conditions may be calculated from observations of the rotation 
produced in any solution of known concentration. 


In this equation Cq:]d is the specific rotation of the compound, a is the observed rota- 
tion (deg.), 8 the volume of the solution (cc.), I the length of the column (dm,), and 
w the weight of the dissolved substance (grains). For optically active liquids, 




_a 

Id 


In this ease d is the density of the liquid 



* Let represent the number of asymmetric carbon atoms in a molecule, a the 
number of optically active forms, c the forms that are inactive owing to internal 
compensation, and r the racemic forms ; then (1) if the molecule cannot be divided 
into similar halves, a = 2“; c = 0 ; (2) if « is even and the molecule forms similar 

halves, a = 2“~t ; c = 2^ ; (3) if is odd and the formula yields similar halves by 

■ n— I , , ' »--l ' 

excluding the middle carbon atom, a s= 2»-v— 2 ‘-2 ; c = 2 ^ always equals 
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3. The best method from the standpoint of general applica- 
tion consists in forming condensation products with other 
optically active compounds. A racemic mixture forms two 
different derivatives with the same optically active reagent, and 
these derivatives may be separated by taking advantage of their 
differences in solubilities, boiling points, and so on. Such 
derivatives are not optical isomers and hence they have different 
chemical and physical properties. Suppose, for example, we 
have a racemic acid composed of components A"*" and A~. If we 
treat the mixture with a Isevorotatory base, B“, two different 
salts will be formed, A+B~ and A~B~. These may be sepa- 
rated by fractional crystallization and subsequently decomposed 
to yield the free acids A+ and A~. The resolution of a racemic 
acid may usually be accomplished with the aid of the opti- 
cally active bases brucine, strychnine, quinine, and cinchonine. 
d-Tartaric acid, d-bromocamphor sulfonic acid, or Z-malic acid 
may be used to separate optically active bases. Methods have 
been devised for separating optically active compounds that 
are neither acidic nor basic.* 

• Asymmetric syntheses. Attempts to prepare optically active 
compounds by synthetic methods without the aid of optically 
active reagents have failed. It is an easy matter to synthesize 
compounds having asymmetric carbon atoms, but there is 
always as much probability of obtaining one as the other of 
the active forms. As a result of this condition the two forms 
are produced in equal amounts and the synthetic product is 
racemic. Thus in the reduction of acetophenone, CHs* CO- CeHs, 
to CHs- CHOH ■ C0H5, the central carbon atom is rendered 
asymmetric, but there is no way to control the reaction so that 
one form will predominate in the mixture. 

If, on the other hand, a new carbon atom is rendered asyrm- 
rnetric in a molecule which is already asymmetric and optically 
active, there may be a definite orientation of the entering gi’oups 
favoring the formation of one of the Optical isomers. This occurs 
in some reactions of d-glucose. The carbon atom of the aldehyde 
group is rendered asymmetric by addition of HCN, but the two 
stereoisomeric cyanhydrins are not formed in equal amounts.! 

*For details relating to the resolution of methyl-hexyl earbinol see "Organic 
Syntheses,” VoL 6, p. 68. John Wiley and Sons, 1926. 

t For a critical review of the literature in this field see P. D. Ritchie’s "Asym- 
metric Synthesis and Asymmetric Induction.” Oxford University Press, 1933. 
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It is possible to establish asymmetry in a molecule by other 
means than the attachment of four different atoms or groups 
to a carbon, nitrogen, silicon, or other multivalent atom, Ox)- 
tically active compounds of the following types have, been 
prepared : 

a. yh 

C 



The double-bond system in I keeps the atoms or groups a 
and 6 in a plane at right angles to the plane of the groups' c 
and cL There is, therefore, no plane of symmetry in the moieeute 
as a whole. In type II the ortho substituents are close enough 
together to prevent free and independent rotations of the two 
rings. The two ends of the molecule are forced to maintain rela- 
tively lixed positions with the carbon atoms of the two rings 
not in the same plane. Rotation is sufficiently curtailed to 
permit the isolation of stereoivsomeric forms of such compounds.'^' 

Racemization. Many optically active compounds may , be 
converted into racemic mixtures by heating them alone or wdth 
acids or alkalies. Dextrotartaric acid is racemized by heating 
it witli a little water in a sealed tube for five or six hours at 
175''’, or by boiling it with a concentrated solution of sodium 
hydroxide. The reaction takes place in two stages, mesotartaric 
acid being formed by rearrangement of two of the groups on 
one carbon atom, and the Igevorotatory compound by a similar 
rearrangement involving both as 5 nnmetric atoms. This accounts 
for the fact that mesotartaric acid predominates in the eari 3 r 
stages of the process, whereas racemic acid constitutes the final 
product. In many compounds having two or more asymmetric 
carbon atoms, the optically active forms are only partially 
racemized — the configuration with respect to one or more of 
the asymmetric groups remaining undisturbed. The interesting 
phenomenon of obtaining a reversal in the sign of optical rota- 
tion is discussed under the Walden inversion. 

* Seurle and Adams, J.Am,. Chem. Soc., 56, 2112 (1934). Patterson and Adams, 
J. Am. Chem. Soc., 57, 762 (1935). 
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In some cases a racemic product is not merely a mixture of the optically 
active forms but a compound of the two. Melting-point determinations 
and other applications of the phase rule may be made to distinguish between 
the two states. Although optical isomers melt at the same temperature, 
mixtures of the two melt at a lower temperature, the minimum temperature 
corresponding to an equimolecular mixture — the racemic product. If the 





stereoisomers do not react with each other to form a definite compound, the 
melting-point curve produced by the addition of one active form to the other 
is represented in I. If the two forms produce a racemic compound, melting 
at a higher temperature than that of the components, the melting-point 
curve belongs to the type shown in II, and if it melts at a lower tem- 
perature than the melting point of the optically active forms, the curve 
corresponds to III. In any case of compound formation, the melting point 
of the pure compound is higher than that of a mixture of the compound with 
a small amount of either active form. 

The addition of a small amount of one of the active modifications to the 
racemic product, therefore, elevates the melting point if the inactive sub- 
stance is a mixture and lowers the melting point if the product is a 
compound. 


POLYBASIC ACIDS AND THEIR DERIVATIVES 

Acids having two or more carboxyl gi'oups in the molecule 
are produced by reactions analogous to those used for the syn- 
thesis of monobasic acids. The hydrolysis of compounds hav- 
ing more than one csmnide radical, the oxidation of alcohols 
having more than one — CH2OH group, and the oxidation of 
dialdehydes are methods of general application. The im- 
portant members of this series are the dibasic acids derived 
from normal (straight-chain) hydrocarbons with the two car- 
boxyl gi’oups attached to the terminal carbon atoms. 

They are colorless, crystalline solids. The compounds hav- 
ing an odd number of carbon atoms are more soluble in water 
and melt at lower temperatures than tliose having approxi- 
mately the same molecular weights but containing an even 
number of carbon atoms. 


Namk of Acid 

Formula 

Melting 

Point 

Solubility 
IN 100 0 . 
Water, 20“ 

Oxalic 

COOH— COOH 

1S9“ 

8.6 

Mulonie ......... 

COOH— CH 2 --COOH 

135.6“ 

73.5 

.Succinic 

COOH(CHa)2COC)H 

185“ 

5.8 

Glutaric 

COOH(CH2).iCOOH 

97.5“ 

63.9 

Adipic 

GOOH(CHa).iCOOH 

151“ 

1.5 

Pimelic 

C00H(CH2)3C00H 

103“ 

5 

Suberic 

COOH(CH2)bCOOH 

140° 

0.16 

Azelaic . . , . . . . . . 

COOH(CH2)7COOH 

106.5° 

0.24 

Sebacie ......... 

COOH{CH2)sCOOH 

127“ 

0.10 


mid, C2H2O4 • 2 H2O, is widely distributed in nature. 
Iff^^Tora^ its salts it occurs in many plants, especially in 
the oxalis family. Rhubarb contains a sufficient quantity to 
arrest the growth of organisms that cause decay, and the plant 
can be preserved for weeks by immersion in water without arti- 
ficial sterilization. vT'he acid is used in the manufacture of 
some dyes, and as a mordant in calico printing. It is the chief 
source of formic acid. 
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Oxalic acid crystallizes with two moleeiiles of water, and in 
this form it is weighed for standardizing permanganate solu- 
tions for use in volumetric analysis. The reaction in acid solu- 
tion is represented as follows : 

5 (C00H)2 + 2 Mn04“ -f 6 H+ — > 2 MiU' - + 10 CO 2 + 8 H 2 O. 

The hydrated acid loses water and sublimes at 160°, with 
partial decomposition. When heated with concentrated sul- 
furic acid, it decomposes in the same way, yielding carbon 
dioxide, carbon monoxide, and water, or carbon dioxide and 
formic acid : 

COOH 

1 — COo -h CO 4- HoO. 

COOH 

Oxalic acid is stable in the presence of some oxidizing agents, 
— for example, concentz’ated nitric acid. It is made commer- 
cially by oxidizing starch or cellulose with concentrated nitric 
acid or by heating sawdust to 250° with a concentrated solu- 
tion of sodium hydroxide. 

It can be synthesized by the hydrolysis of cyanogen : 

CN COONH 4 

! + 4 H 2 O — > I 

CN COONHi- 

or by rapidly heating sodium formate : 

HCOONa COONa 

+. H2. 

HCOONa COONa 

The last reaction is especially interesting, for it reveals a 
genetic relationship between oxalic and formic acids, the first 
members of the two most important series of the saturated 
acids. The preparation of formic acid from oxalic acid has been 
mentioned (p. 86). To obtain free oxalic acid from the soluble 
ammonium and sodium salts formed in the reactions shown 
above, lime is added to precipitate the insoluble calcium oxalate, 
Ca(G 204 ) 2 . The calcium salt is then decomposed with sulfuric 
acid, and the liberated oxalic acid is extracted with water, 
from which it crystallizes when the solution is concentrated by 
evaporation. 
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Malonic acid is a compound of prime importance on account 
of the many syntheses that can be made with the aid of its 
derivatives. It is made from acetic acid by a series of reac- 
tions that establish the constitution of the molecule. Chlorine 
acts upon acetic acid, producing a white crystalline derivative, 
chloroacetic acid, having the formula ClCH 2 COOH.=‘= Potas- 
sium cyanide reacts with chloroacetic acid, as it does with 
alkyl halides, forming potassium chloride and leaving the 
cyanide radical attached to carbon. Cyanoacetic acid, there- 
fore, has the structure CN • CH 2 • COOH. The cyanide radical 
is always susceptible to hj^-drolysis, being thereby converted 
into the carboxyl group. Malonic acid is produced from cyano- 
acetic acid by boiling it with a solution of sulfuric acid. Its 
structure, therefore, is COOH • CHo • COOH. 

When malonic acid is heated above its melting point, it de- 
composes into acetic acid and carbon dioxide : 

COOH • CH 2 • COOH CO 2 + CHs ■ COOH. 

This is an example of a general reaction. When a compound 
hawng two carboxyl groups attached to the same carbon atom 
is heated above its melting point, it yields carbon dioxide and 
leaves hydrogen in the place of one carboxyl group. 

When heated with phosphorus pentoxide, malonic acid jdelds 
carbon suboxide and water as well as carbon dioxide and acetic 
acid.' 

Succimc arid, COOH • CHa - CHs - GOGH (m.p. 185% b.p. 
235°), occurs in amber, from which it may be obtained by dis- 
tillation. It is formed in small amounts as a by-product when 
alcohol is made by the fermentation of glucose. It is made 
from ethjdene dibromide by a process that establishes its 
structure; 


CHaBr 2 KGN CHaCN 4 H 2 O GH 2 GOOH 
CHaBr CHaCN CH 2 GOOH 


*The reaciion between chlorine and pure aeetie acid is extremely slow. The 
practical procedure is to pass chlorine gas into a mixture of acetic acid and red 
phosphorus. Part of the acetyl chloride, which is first formed, reacts with acetic 
acid, forming aeetie anhydride, dhloripe readily replaces hydrogen on the a- 
carbon atom in either the acid chloride or the anhydride, and from either of these 
derivatives chloroacetic acid is obtained by hydrolysis. 
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ESTERS OF DIBASIC ACIDS 

Malonic ester. When a mixture of malonic acid and absolute 
ethyl alcohol is saturated with hydrogen chloride gas and 
warmed, an ester is formed : 


COOH 

COOC2H5 

1 

1 

CH2 +2C2H5OH- 

1 

CH2 

COOH 

COOC2H5 

Malonic acid 

Malonic e.ster 

(m.p. 135 . 6 °) 

(b.p. 198 °) 


The hydrogen atoms of the methylene group in malonic ester 
are replaceable by sodium or potassium or by chlorine or bro- 
mine. When metallic sodium is dissolved in malonic ester, 
hydrogen is evolved and a solid sodium derivative of the ester 
is formed. The reaction is usually written as follows : 


COOC2H5 COOC2H0 


, /H 

CH2 +Na— 3 -C< +iH2. 

^Na 


COOC2H5 COOC2H5 

Malonic ester Sodiomalonie ester 


Sodiomalonic ester may be formed also by adding sodium 
ethylate to an alcoholic solution of malonic ester. In this 
case no hydrogen is evolved. The formula for sodiomalonic 
ester showing the sodium atom attached directly to carbon is 
probably incorrect, but it may be written in this form for the 
present purpose. Evidence relating to the structure of the 
compound will be presented in a later chapter. 

Sodiomalonic ester reacts readily with an alkyl halide, form- 
ing an alkyl-substituted malonic ester and a sodium halide : 


COOC2H5 COOC2H5 


y 

S‘\ 


H 

Na 


+ CH3I 


C<( 

I ^CH; 


+ Nal. 


COOC2H5 


COOC2H5 
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On hydrolysis this ester yields methylmalonic acid : 
COOC2H5 COOH 

1 i 

CHs-C-^H + 2 H2O CHs—C— H +2C2H5OH. 
COOC0H5 COOH 

Methylmalonic ester Methylmalonic acid 


Methylmalonic acid, having two carboxyl groups attached 
to the same carbon atom, may be decomposed by heat. The 
products of this decomposition are carbon dioxide and propionic 
acid: 


CHs—C— H 

! 

COOH 


CHs—CHa—COOH + CO2. 


This constitutes a synthesis of propionic acid from malonic 
ester. Any alkyl radical may be substituted for hydrogen in 
malonic ester, and therefore any homologue of acetic acid may 
be prepared from this ester. 

The remaining methylene hydrogen in an alkylmalonic ester 
may be replaced by sodium, and this, in turn, will react with 
an alkyl halide. The sodium derivative of methylmalonic 
ester reacts with ethyl bromide as follows : 

COOC 2 H 5 cooc2h:5 

i 1 

CH3— C— Na + CsHsBr CH3— C—C.Hs + NaBr. 


COOC2H5 COOC2H5 


When hydrolyzed this yields methylethylmalonie acid. The 
latter is decomposed by heat into carbon dioxide and methyl- 
ethyl acetic acid or 2-methyl-butaneoic acid. 


COOCaHs 

p TT 

3 — 


COOH 


H2O 


CH3— C— C2H5 


COOC2H5 

heat 
>■ 


COOH 

CH3V 

>CH— COOH + CO2. 


Other applications of this reaction will he considered later. 
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Esters of other dicarboxylic acids are readily obtained by 
applying the general method of synthesis outlined in connec- 
tion with malonic ester. The acid is heated with an alcohol 
in the presence of hydrogen chloride or a little sulfuric acid. 
One or both of the carboxyl groups may be esterified. The 
formulas of some esters of oxalic acid are shown below : 

COOCHs COOH COOC2H5 


COOCsHf 

Diethyl oxalate 
(b.p. 186°) 


COOCH3 

Dimethyl oxalate 
(m.p. 54.4°, b.p. 163°) 


COOC2H5 

Monoethyl oxalate 
(b.p. 117° (15 mm.)) 


ACID ANHYDRIDES 


Succinic acid loses water when heated with sulfuric acid or 
phosphorus oxychloride, forming succinic anhydride : 


CH 2 COOH CHsC 


CH 2 COOH CH; 


/COOH 

Isosuccinic acid, CH3 • CHU , does not form an anhy- 

\COOH 

dride, but decomposes when heated above its melting point 
(130°) into carbon dioxide and propionic acid. 

Oxalic and malonic acids do not form true anhydrides, 
while succinic and glutaric acids form them readily. This 
fact is explained by a consideration of the three-dimensional 
figures formed by molecules made up of chains of two or more 
carbon atoms. Assuming, once more, that the carbon atom is 
a regular tetrahedron with its valence electrons stationed at 
the four apices, the acids mentioned may be represented 
graphically as follows ; 


Malonic 


OH 

Succinic 


^OH HO- 
Glutaric 


Oxalic 
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It will be observed that the hydroxyl groups that are in- 
volved ill the anhydride formation approach each other as the 
number of carbon atoms increases from two to five. To link 
the first and fourth carbon atoms through oxygen by eliminating 
water involves less strain in the molecule than would be required 
to connect the first and second or the first and third carbon 
atoms. In consequence of this close approach of the hydroxyl 
groups, succinic acid can form an anhydride whereas oxalic and 
malonic acids cannot. The same sort of reasoning leads to the 
conclusion that glutaric acid should form an anhydride even 
more readily than does succinic, which is actually the case. 
Adds of this series having five or more carbon atoms may 
form anhydrides without strain. The higher members, how- 
ever, do not readily yield anhydrides, for the rate of reaction 
between the carboxyl groups decreases as the length of the 
chain increases. 


AMIDES OF DIBASIC ACIDS 


One or both of the carboxyl groups in a dibasic acid may be 
involved in amide formation. Compounds containing one un- 
changed carboxyl group and one CO]SfH 2 group are called amic 
acids. 

COOH CONH 2 CONH 2 


COOH 

Oxalic acid 


COOH 

Oxamie acid 


CONHs 

Oxamide 


Oxamide is a white, crystalline substance which is sparingly 
soluble in water. At 180“ it sublimes with partial decomposi- 
tion. Cyanogen and water are the principal decomposition 
products: 


CONH2 

1 

CONH2 


CN 

1 ■ 
CN 


-f 2 H 2 O. 


The diamides are formed by reactions analogous to those 
used for amides of monobasic acids. Diethyl oxalate, for in- 
stance, when warmed with ammonia, yields oxamide. Acid 
ammonium oxalate, when heated, yields the white crystalline 
oxamic acid : 

COOH COOH 

I — > 1 + H2O. 

COONH-i CONH2 
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Succinic acid yields a monoamide, succinamic acid (I), and 
two diamides (II and III) : 

CH2— CONH2 CH2— CONH2 

CH2— COOH CH2— CONH3 

I ir 

When heated the diamide represented by formula II yields 
ammonia and succinimide : 

SnH + NHs. 

CH2 • C^NHz CH2 ■ C/ 

^0 ^0 

Suceinamide Succinimide 


CH2 ■ C--NH2 


CH2-C 


CH 2 — C(NH2)i 

\o 

CH 2 — C ; 0 

III 


Succinimide (m,p. 126°, b.p. 288°) crystallizes with one mole- 
cule of water. It is neutral to litmus, but reacts with alcoholic 
potash, forming a salt : 


CHs’C/ kOH CHz-c/ 

I >NH I >NK 

ca • CC 


ca-c^ 


+ ao. 


Urea. The diamide of carbonic acid, urea, was the first 
organic compound to be prepared by an artificial method. The 
synthesis was accomplished through the reversible conversion 
of ammonium eyanate into urea, a reaction first observed by 
Wohler (1828). The change occurs during the evaporation of 
an aqueous solution of ammonium eyanate : 


NH4CNO 


C 0 (NH 3 ) 2 . 


Urea may be prepared by the action of ammonia on phos- 
gene gas: 


/Cl 

C /0 + 4 NHa 

\ci 


/NH2 

C^O ■4-2NH4CI. 
NNHa 


It crystallizes in colorless prisms, melting at 132°, and dissolves 
readily in water and in alcohol. 
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Urea constitutes from 2 to 5 per cent of the urine. The aver> 
age amount excreted daily by an adult person is between 26 g. 
and 35 g. It is formed along with smaller quantities of uric 
acid, creatine, ammonia, and other nitrogen compounds as an 
oxidation product of the proteins in the living tissues. It may 
be obtained from urine by evaporation and extraction of the 
residue with hot alcohol, or in a more pure state by concentrat- 
ing the sample through partial evaporation and acidifying with 
nitric acid. The slightly soluble urea nitrate, C 0 (NH 2 ) 2 HN 03 , 
precipitates. The salt is decomposed by barium carbonate, and 
the urea is separated from the resulting barium nitrate by ex- 
traction with alcohol. Oxalic acid also forms an insoluble salt 
of urea. 

When heated above its melting point, urea decomposes, with 

the liberation of ammonia and the production of cyanuric acid 

and biuret. 

An alkaline solution of biuret, NH 2 • CO • NH • CO * NH 2 , 
acquires a violet color when a solution of a copper salt is added. 
This is known as the biuret test and is mentioned in connection 
with the color reactions of the proteins. 

The quantitative estimation of urea is accomplished by 
measuring the nitrogen evolved from a weighed sample when 
treated with an alkaline solution of sodium hypobromite : 

C0(NH2)2 + 3 NaOBr 3 NaBr -f Ns + GO 2 -f 2 H 2 O. 

This reaction was used for many years as a basis for the clinical 
estimation of urea in urine. It is, however, entirely untrust- 
worthy in this connection, for other nitrogen compounds some- 
times found in urine respond to the test. 

Thiourea, the diamide of thioearbonic acid, exists in two forms, which, 
in solution, establish a tautomeric equilibrium : 


/NH2 

C^S 

NnHs 


:C^SH 


The free amide in the solid state is known only as colorless crystals (m.p. 
172''), soluble in water and insoluble in alcohol, but many of its derivatives 
have been isolated in isomeric forms. 

When warmed with mercuric oxide, thiourea yields cyanamide : 
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Guanidine, a colorless, crystalline, basic compound, is closely related 
to urea and thiourea. It may be prepared from eyanamide and an am- 
monium salt: ..--T 

/NHa /NHa 

Ci + NH 4 CI — ^ C=NH + HCl. 

Guanidine 

The hydrochloric acid is not liberated, but combines with the guanidine 
to form a salt. With concentrated nitric acid guanidine forms a nitro com- 
pound, and like any other nitro body this compound can be reduced to an 
amine of corresponding structure : 




■NH • NO 2 /NH-NHa 


NH 

\NH2 

Nitroguanidine 


Aminoguanidino 


+ 2H2O. 


Aminoguanidine undergoes hydrolysis in either acid or alkaline solution, 
the products being hydrazine, ammonia, and carbon dioxide : 

.NH-NHa 

NH + 2 H 2 O —>• NH 2 NH 2 + 2 NH 3 + GO 2 . 


A- 


Guanidine also is readily hydrolyzed in alkaline solution, the products 
being urea and ammonia : 


yNH* 

diNH + 


/NH2 

C :0 -fNHa. 
"NnHs 


UNSATURATED ACIDS 

Fumaric mid md maleic acid are unsaturated compounds 
corresponding to the formula C4H4O4. Fumaric acid sublimes 
at 200°. It is found in small quantities in many plants. It is 
not very soluble in water (1 : 160). Maleic acid is not found in 
nature. It is a synthetic product only. It melts at 130° and 
dissolves in less than twice its weight of water at 15°. 

When heated, maleic acid yields an anhydride, one molecule 
of water being eliminated. Fumaric acid does not form an 
anhydride. 

* The reduction is actually accomplished by treatment with titanous chloride or 
through the agency of tin and hydrochloric acid. Equations representing oxidation 
and reduction processes are sometimes balanced by using the symbols for free oxygen 
or free hydrogen even in cases where these gases fail to accomplish the indicated 
results. When used in connection with reactions that actually require other reagents 
the symbols for hydrogen and oxygen are placed within brackets. 
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Fumaric and maleic acids are both obtained from malic acid, 
COOH • GHOH • CH2 • COOH, by eliminating one molecule of 
water, which is accomplished by heat alone. At 140° fumaric acid 
is formed ; at 200° maleic anhydride is the chief product. Both 
acids have the structural formula COOH • CH : CH • COOH. 
They are geometrical isomers having the following structures : 

COOH-C*H H-C*COOH 

II and II 

H-C-COOH H-C-COOH 

Fumaric acid Maleic acid 


HYDROXY ACIDS 

Tartar? c adds. There are four tartaric acids coiTesponding 
to the formula COOH • CHOH • CHOH • COOH. They pre- 
sent an interesting case of stereoisomerism. The phenomenon of 
optical activity was considered in connection with the arnyl 
alcohols (p. 115), and the cause was traced to an asymmetric 
structure of the molecule. Two of the tartaric acids are op- 
tically active and two inactive. Three structural formulas for 
tartaric acids may be represented graphically as follows : 



Imagine these tetrahedi’a flattened out on the plane of the 
paper ; then the same configurations are represented by the 
simple projection formulas : 


COOH 

1 

H-.~-C— OH 
H-C— OH 


COOH 

1 

HO--C~H 

I 

H— C—OH 


COOH 

i 

H— C— OH 

I 

HO— C— H 


COOH 


COOH 


COOH 
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One of the inactive tartaric acids is a racemic compound 
consisting of a mixture of equal quantities of the mirror images 
represented by formulas II and III. The other inactive acid 
cannot be resolved into optically active forms and must corre- 
spond to a single formula. It is not a mixture. If formula I 
were cut in two between the asymmetric atoms, and if the lower 
half were rotated in the plane of the paper through an angle of 
180°, the lower half would appear as the mirror image of the 
upper half. If either of the other structures were severed and 
rotated in the same manner, the two halves would appear to 
be identical. In a structure of the type represented by formula 
II or III any effect the upper half of the molecule has on polar- 
ized light is duplicated by the lower half; but in a structure 
like fonnula I, if the upper half tends to turn the plane of 
polarization to the right, the lower half rotates it to the left, 
and since the two ends are similarly asymmetric, that is, iden- 
tical groups are attached to both asymmetric carbon atoms, 
the gyratory power of one is exactly counterbalanced by the 
other. Such a molecule is optically inactive on account of in- 
ternal compensation. It is not racemic (that is, it is not a 
mixture of two active forms), but it is inactive on account of 
the equal and opposite effects produced by the two similarly 
asymmetric ends of the same molecule. 

Two dissimilar asymmetric carbon atoms in the same mole- 
cule give rise to four active stereoisomers and two racemic mix- 
tures but no internally compensated form. 

Dextrotartaric acid (m.p. 170°) is obtained from grapes. It 
occurs in grape juice in the form of a potassium salt, KHC 4 H 4 O 6 
(cream of tartar), and precipitates when the juice ferments, on 
account of its insolubility in alcohol. This salt is used in the 
manufactureofbaldngpowders: 

KHC 4 H 4 O 6 + NaHCOs — > KNaCAOe + HaO + COs. 

The leavening of bread is accomplished by releasing carbon dioxide in 
the dough. In some baking powders pure tartaric acid is used with sodium 
bicarbonate: 

H2C4H40(i + 2 NalieOs — NaaCiHiOe + 2 HsO + 2 CO 2 . 

In other powders alums or phosphates are substituted for the more expen- 
sive tartrate. The reactions of alum and phosphate powders are represented 
by the following equations : 

KsAlsCSO-i)., + 6 NallCOs — ^ 2 AlfOH).-, + 3 Na^SOi. + K^SOi + 6 CO.. 

CaH4(P04)2 + 2 NaHCOs — CaEPO-i + Na.IIPO^ + 2 II 2 O + 2 CO 2 . 


^ 0 ‘ 

of models: 



Furniirie acid Ilaceiriic acid 

The structure formed by breaking the double bond at position a 
and introducing at that point a hydroxyl group on each carbon 
atom is the mirror image of the product formed by breaking 
the bond at 6. Since the chances for breaking at these two 
points are exactly equal, the two forms are produced in equal 
quantities. 
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When maleic acid is oxidized by the addition of two hydroxyl 
groups, the same structure is formed, no matter which position 
is attacked, and this structure corresponds to the one assigned 
to mesotartaric acid on the basis of its failure to yield to the 
method employed for resolving inactive compounds into opti- 
cally active components. 

yjCOOE H 

7 

7 and 


-^COOH H 
H OH . . 

IMalcic field Mesoturtaric aoid IMcsotarttiric acid 

The principle of stereoisomerism accounts also for the re- 
sults obtained when fumaric and maleic acids are treated with 
bromine. A dibromosuccinic acid is formed in each case, but 
the two products are not identical. The dibromosuccinic acid 
made from maleic acid, when warmed with alcoholic potash, 
loses a molecule of hydrobromic acid and is thereby converted 
into bromofumaric acid. On the other hand, fumaric acid gives 
rise to a dibromosuccinic acid, which loses hydrobromic acid 
with the formation of bromomaleic acid. 


Br2 


Br 

Maleic acid Isodibromosuecinic acid 

Rotation around the common axis of the two tetrahedra, to 
bring the hydrogen on one carbon atom over bromine on the 
other, must occur before HBr can be eliminated from this ad- 
dition product. When this is done, the double bond is estab- 
lished with the carboxyl groups on opposite sides of the molecule. 




2 moles'^ , 4 (OH) 



COOH HO< 
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Bromofumarie acid 


Beginning with fumaric acid, similar changes occur. 


HOOC 



HOOC 


Br, 


COOK 



COOH 


COOH 


Fumaric arid 


Br 

Dibrornosuceinic acid 


Bromomaleic acid 


The di})romosuccinic acid which is derived from fumaric 
acid by treatment with bromine yields mesotartaric acid when 
the bromine atoms are replaced by hydroxyl groups through 
the action of a base. This is an unexpected result, for when 
fumaric acid acquires hydroxyl groups directly through the 
agency of an alkaline permanganate solution, racemic tartaric 
acid is formed. No satisfactory explanation of this anomaly 
has been made. 

Citric acid, A crystalline tribasic acid, CeHgG?, known as 
citric acid is obtained from the juice of lemons. The structure 
of the molecule is i-epresented by the following formula : 

CH2— COOH 


/OH 

\COOH 


CH2-COOH 

The presence of an alcoholic hydroxyl group is indicated by 
the fact that the triethyl ester of citric acid reacts with acetyl 
chloride, forming an acetyl derivative of the ester. 
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The aliphatic amines are derivatives of ammonia in which 
hydrogen has been replaced by alkyl radicals. They are classi- 
fied as primary, secondary, or tertiary, according to the number 
of hydrogen atoms replaced. General formulas for the three 
classes of amines may be written as follows : 

R R\ 

R--NH 2 Nnh R^N 

R/ R/ 

Primary amine Secondary amine Tertiary amine 


The simplest member of the class, methylamine, CH3NH2, 
was the first one discovered. It was isolated by Wurtz in 1848 
from the hydrolysis products of methylisocyanate. The iso- 
cyanate was boiled with potassium hydroxide solution, and the 
amine was released as a gas : 

CH3NCO -f 2 KOH — > CH3NH2 + K2CO3. 

It has an odor similar to that of ammonia, is very soluble in 
water (1150 : 1 at 12®), and, like ammonia, its solution in 
water is basic. 

An equilibrium exists between ammonia and ammonium hy- 
droxide in aqueous solution : 

NHa + H2O ::F±: NH 4 , 0 H. 


The ammonium hydroxide ionizes, jdelding hydroxide ions, and 
by virtue of this ionization it precipitates iron and aluminum 


as hydroxides from solutions containing ions of these metals. 
The amines behave in the same way. They turn litmus blue 
and precipitate the hydroxides of iron and aluminum from 
aqueous solutions, owing to the establishment of the following 
equilibria: 

RNH2 + H2O RNH3OH : 


RNH3OH RNH3+ + OH“. 

Methylamine is so much like ammonia in all its chemical 
and physical properties that it was mistaken for ammonia 
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when first produced and was identified as a different substance 
only after the observation was made that it burns in air. 

To continue the analogy we may consider the addition re- 
actions of ammonia and of amines. Ammonia combines with 
an acid to form an ammonium salt : 

NHs + HBr — »• NH 4 Br. 

The amines react with acids in the same way to form substi- 
tuted ammonium salts : 


CH3NH2 -h HBr — > CHsNHsBr. 


The structures of ammonium salts and of amine salts are iden- 
tical. In each case four positive radicals are attached directly 
to the nitrogen atom and a negative ion is held by the am- 
monium ion through an entirely different type of bond. 

Nitrogen, belonging to the fifth group in the periodic system, 
has five electrons in its outer shell. The kernel of the atom has 
an equal positive charge. The valence of nitrogen is satisfied 
when an octet of electrons is formed around it, and this is ac- 
complished when four atoms are bound to nitrogen by four 
pairs of electrons. The fifth element or group has no direct 
attachment to the nitrogen. It acquires from the nitrogen one 
electron and is held in the neighborhood of the positive am- 
monium radical without definite orientation. The formulas of 
ammonium chloride and of the hydrochloride of a tertiary 
amine may be written as follows : 


H - 



R “1 

HIN2H 

scVo 

and 

0 0 

0 0 

_ H _ 



_ R J 


To emphasize the view that in ammonium compounds the 
negative atom or gi’oup is not attached directly to the nitro- 
gen atom, formulas of the ty]De R.|N(X) or R^N+X"^ will some- 
times be used. The symbol R is used here to represent either 
an aliphatic or an aromatic carbon radical or a hydrogen 
atom. The small circles represent electrons. 

Preparation. 1. The amines may be prepared by heating, 
in sealed tubes, alkyl halides and ammonia dissolved in alcohol 
(Hofmann's method). Secondary, as well as primary, alkyl 
halides may be used in this reaction. Mixtures of tertiary 
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• alkyl halides and ammonia yield unsaturated hydrocarbons and 
ammonium salts. Primary and secondary alkyl halides yield 
olefines when warmed with alcoholic potash but do not ordi- 
narily decompose in this manner in the presence of an excess 
of ammonia. The reaction between ammonia and an alkyl 
halide does not stop when one hydrogen atom of the ammonia 
molecule has been replaced. Another alkyl halide molecule 
reacts with the primary amine, RNH2, replacing one more 
hydrogen atom, with the formation of a secondary amine, 
R2NH. This in turn yields a tertiary amine, R3N, in which 
the three hydrogen atoms of ammonia have all been replaced 
by alkyl groups. The reactions occur as follows : 

C2H5l + NH3--^C2H5NH3L (1) 

The ethyl ammonium iodide, C2H5NH3I, in the presence of 
ammonia is in equilibrium with ethylamine and the ions of 
ammonium iodide : 

C2H5NH3l + NH3Ai=±C2H5NH2 + NH4+^+^ (2) 

We may therefore combine reactions (1) and ( 2 ) : 

C 2 H 51 4 - 2 NH 3 .— > C 2 H 5 NH 3 -hNH4+ 4- (3) 

This is followed by reactions in which amines combine with the 
alkyl halide: 

C2H51 4 - C2H5NH2 4 - NHa— > (C 2 H 5 ) 2 NH 4 - NH4+ 4 - 1 “ ; ( 4 ) 
C2HSI + (G2H5)2NH 4-NH3 — (C2H5)3N 4 - NH4+ 4 “ P". (6) 

Finally, through the addition of the alkyl halide to the tertiary 
amine, a quaternary ammonium salt is formed : 

The Hofmann method leads to the formation of a mixture of 
primary, secondary, and tertiary amines, together with quater- 
nary ammonium salts. Various methods have been devised for 
isolating pure amines from the mixture. Most of these methods 
involve the decomposition and loss of at least one of the 
products. The first step in the separation is generally accom- 
plished by distilling the alkaline solution with steam. The 
quaternary ammonium salt, R4NX, is nonvolatile and remains 
in the distilling flask. The free primary, secondary, and tertiary 
amines pass over with steam. Nitrous acid acts upon the dis- 
tillate, converting the primary amine into an alcohol, forming 



ALIPHATIC AMINES 


139 

a nitroso compound with the secondary amine and a salt with 
the tertiary compound : 

CH3NH2 + HONO — CH3OH + H2O + No. 
(CH3)2NH + HONO (CH3)2N • NO + H2O. 
(CH3)3N + HONO — > (CHs)3N • HNO2. 

The nitroso derivative of the secondary amine usually sepa- 
rates as an oily laj^^er, which can be removed with the aid of a 
separatory funnel. If it fails to appear as a distinct layer, it is 
removed from the acid solution by extraction with ether. The 
free amine is obtained from the nitrosoamine by boiling the 
latter with an aqueous solution of a strong acid, the original 
reaction being reversed by the elimination of nitrous acid at 
the higher temperature : 

(GH3)2N • NO + HOH — ^ (CH3)2NH -f HNO2. 

The. primary amine is lost, having been converted into an 
alcohol, from which it is not easily regenerated. The tertiary 
amine is liberated from the salt by treatment with a base and 
it is obtained in the free state by extraction with ether or by 
distillation. 

The most satisfactory general method for separating primary, 
secondary, and tertiary amines without loss of one of them 
depends upon their reactions with benzenesulfonyl chloride, 
CoH.'iSOoCl. This reagent is a colorless liquid which fumes 
when exposed to moist air. Its preparation will be described 
later. The mixed amines, separated from the quaternary salt 
as indicated above, are treated with benzenesulfonyl chloride 
and potassium hydroxide solution. Primary amines yield prod- 
ucts which are soluble in the alkali, secondary amines yield 
insoluble products, and the tertiary compounds are unchanged : * 

CH3NH2 + CfiHsSOoCl — ^ CH3NHSO2C0H5 + HCl. 

(Soluble in alkali) 

(CH3)2NH + CgHgSOsCI (CH3)2NS02C6H5 + HCl. 

(Insoluble in alkali) 

The insoluble derivative of the secondary amine is removed 
from the mixture by mechanical means. The unchanged terti- 
ary amine and the sulfonamide derived from the primary amine 

=*= Trimefchylamine is an exception. It forms a salt with benzenesulfonyl chloride, 
Vorlander and Nolte, Ber., 46, 3212 (1913). 
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are separated by distillation, the free tertiary amine being much 
more volatile than the sodium salt of the compound derived 
from the primary amine. The free primary and secondary 
amines are obtained from these derivatives by hydrolysis. 
The hydrolysis is accomplished by boiling the compound with 
an acid : 

CHs • NH • SO2C6H3 + HOH —5- CH3NH2 CeHsSOsH. 

2. Primary amines may be prepared free from secondary 
and tertiary compounds by reduction of nitriles (alkyl cyanides) 
with hydrogen in the presence of finely divided platinum at 
200 ° or by the action of sodium on an alcoholic solution of the 
nitrile : 

RCN + 2 Ha R • CHa • NHa. 

3. Aznines are formed through the reduction of nitroparaffins 
by sodium amalgam in alcohol or by zinc or tin in hydrochloric 
acid. This reaction is of little importance in the preparation of 
aliphatic amines, but constitutes the best method for making 
the corresponding aromatic compounds. This procedure will be 
illustrated later. 

4. Amines are formed when isocyanates are hydrolyzed by 
boiling them with dilute alkali : 

RNCO + H2O RNH2 + CO2. 

5. The action of bromine and an alkali on an acid amide re- 
sults in the formation of an amine. The net result of the 
reaction is indicated by the equation given below, but con- 
sideration of the mechanism by which it is accomplished is 
reserved for later treatment : 

RCONH2 + Brs + 4 KOH 

— RNHs + 2 KBr + K2CO3 + 2 H2O. 

6. A general method for preparing a pure primary amine is 
based upon GabrieFs phthalimide reaction. Potassium phthali- 
mide, C 6 H 4 (CO) 2 NK, combines with alkyl halides as follows; 

CgH4(CO)2NK + RX — C6H4(G0)2NR + KX. 

* Hinsberg, Ber., 38, .906 (1905). In the acid aohition the amine is converted 
into a salt, but it can be obtained in the free state by warming the salt with a base, 
just as ammonia can bo obtained from an ammonium salt by treatment with a 
base. " ■ 
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The product when hydrolyzed yields phthalic acid and a pri- 
mary amine: 

C6H4(C0)2NR + 2 H 2 O CgH4(C00H)2 + RNH 2 . 

The details of this process are outlined on page 418. 

Properties. The amines of low molecular weight are gases, 
the intermediate members are liquids, and those of high molec- 
ular weight are solids. Volatility and solubility decrease as 
the molecular weights increase. 

The hydrates of the primary, secondary, and tertiary amines 
act like weak bases, for, like ammonium hydroxide, they lose 
water and exist largely in the form of free amines in aqueous 
solution. The quaternary bases cannot lose water in the same 
way, for in these compounds there is no hydrogen attached to 
the nitrogen atom. They are strong bases, being almost com- 
pletely ionized in dilute solutions. 

The following equilibria are established with amines in 
water : 

RNH2 + H2O RNH3OH RNH3+ + OH". 

We do not know how much of the amine is in the form of 
RNH3OH. We have no means of distinguishing between RNH2 
dissolved as such in water and the hydrated form. We are 
therefore unable to evaluate the first of the two equilibria. 
We are able to determine the concentration of the hydroxide 
ions in solution by means of indicators, and we can determine 
the sum of all forms of the amine in solution by titration. The 
dissociation constants of amines as bases are calculated from 
the equation 

.. (RNH 3 -*-)( 0 H-) 

(RNHo) + (RNH3OH) 

In applying this formula the concentrations of the ions and 
molecules represented by formulas in parentheses are expressed 
in moles per liter. The denominator, (RNH2) + (RNHyOH), 
represents the total number of moles per liter of the base in 
solution minus the number of moles that have dissociated. If 
B represents the total base in solution in all forms, the equation 
may be written 

.. (RNH 3 +)( 0 H-)_ ( 0 H -)2 

' ~ B ~ ( 0 H-) B - (OH-) 
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In weak bases B (OH") has nearly the same value as B, and 
the equation is often used in the form 

The constants for a few amines are given in the following table : 


Name 

FOItMOLA 

Moles op OH- 
A';, PER Liter in a 

0.1 M Solution 

Ammonia . i 

NH.-i 

1.9 X 10-s 1.4 X 10-5 

Metliylamine ....... i 

CHsNHo 

5 X 10-'! ().9 X 10~5 

Dirnethylamine ...... | 

(CHslsNH 

7.4 X lO-t 8.6 X 10”5 

Trimethylamine 1 

(CH:03N 

7.4 X 10-5 2,7 X 10*5 

Ethylamine 

! C 2 H 5 NH 2 

5.6 X 10”‘ 7.2 X 10-3 

Diethylamine | 

' (C2H5)2NH 

1.3 X 10-3 1.1 X 10-2 

Triethy] amine 1 

: (C2H5).-iN 

6.4 X 10-^ j S X 10-3 


To calculate the concentration of hydroxide ions in a 0.2 ill solution of 
trimethylamine, the constant Ki is used as follows ; 

= 7.4 X 10--% 

(OH-)2 = 1.48 X 10-5, 

(OH-) = 'v/l4.8 X 10-5 = 3 X 10~5 moles per liter. 

Fraction of the base ionized = 


Per cent ionized = - X 100 = 1.92 %. 

In this estimation the concentration of Oil- ions -was considered negligible 
as compared with the total quantity of base present. A more accurate 
calculation is made as follows : 

=74x10-5 
0.2 - (OH-) ^ » 

(OH~)2 = (1.48 X 10-5) „ (7.4 X 10-5) (OH-), 

(OH-)2 + (7.4 X 10-5) (OH-) _ (1.48 x 10-5) = 0. 

This is a quadratic equation corresponding to the form 

«£c® + to +■ c = 0 ; 

the solution is ar = 

2 a 

Then (OH") " U-4 x IQ-s) ± ^(54.8 x + (5.92 x IQ-g) 

_ - (7.4 X 10-5) ^ \/( 0.00548 X 10-«) + (59.2 x 10-"*^ 

2 

__ - (0.074 X 10-5) ± (7,69 x lQ-5) 

2 

= 3.81 X 10~® moles per liter. 


the solution is 
Then (OH") 
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0 91 V 1 0-3 

Fraction Ionized = 

Per cent ionized = 3.81 x 10"^ ^ _ 3.81 x — i qact' 

0.2 0.2 ~ 

The primary and secondary amines react with acid chlorides 
as do the alcohols : 

RNHa + CHs • COCl — ^ R • NH • CO • CH3 + HCL 
R2NH -f CHs ■ COCl — > R2N • CO • CHs + HCL 

In some cases both hydrogen atoms in the primary amino 
group are replaced by acyl radicals; but usually only one is 
removed, as indicated in the equation. The products (substi- 
tuted amides) are easily crystallized and purified, and are there- 
fore readily identified. 

The boiling points of a few amines are given below : 


Name 

Mono- 

Di- 

Tri- 

Methylamine 

- 6.5° 

+ 7.4° 

WKBSSKM 

Ethylamine 

-f 16.6° 

56° 


Normal propylamine . . 

48.7° 

110.7° 


Isopropylamine .... 

34° 

84° 


Normal butylamine . . . 

76° 

161° 

214° 

Isobutylamine 

68° 

138.8° 

191.5° 

Secondary butylamine . . 

63° 

132° 

— 

Tertiary butylamine . . 

43.8° 

— 

— 

Normal amylamine . . . 

104° 

— 

— 

I.‘;oam 5 'lamine 

95° 

190° 

237° 


The ammonia system. Franklin has called attention to remark- 
able analogies between the properties of water and ammonia and has 
developed what is known as the ammonia system. Water and liquid 
ammonia are good ionizing solvents. Ionic reactions may be carried 
out in liquid ammonia as well as in water. For instance, silver 
chloride is precipitated from an aqueous solution of silver nitrate 
by the addition of barium chloride, because of the insolubility of 
silver chloride in water. In liquid ammonia silver chloride, silver 
nitrate, and barium nitrate are soluble, and barium chloride is in- 
soluble. The equation 

2 AgNOs -f BaCb 2 AgCl -1- BafNOala 

represents a typical double decomposition which proceeds from left 
to right in water or from right to left in liquid ammonia. 

The ordinary oxygen acids are considered as derivatives of water 
in which hydrogen has been replaced by a nonmetallic element or 







Name 


0.1 M Solution 


3.81 X 10~® moles per liter. 
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In W63.k b&sss B — (OH~) has n 6 Erly th 6 same value as B, and 
the equation is often used in the form 

(OH~)A 

The constants for a few amines are given in the following table : 


Moles op OH- 
PEE LITBK in a 


Fokmula 


To calculate the concentration of hydroxide ions in a 0.2 M solution of 
trimethylamine, the constant Kb is used as follows : 

= 7.4X10- 

(OH-)- = 1.48 X 10-5, 

(OH-) = Vu.S X 10-5 s: 3.84 X 10“''' moles per liter. 

„ , 3.84x10-3 

Fraction of the base ionized = ^ 

Per cent ionized = 1 x 100 = 1.92%. 


Per cent ionized 


X 100 = 1.92%. 


In this estimation the concentration of OH- ions was considered negligible 
as compared with the total quantity of base present. A more accurate 
calculation is made as follows : 

— 7 4 X 10-5 
0.2-(OH-) ' ’ 

(OH-)3 = (1.48 X 10-5) _ (7,4 X 10-5) (OH-), 

(OH-)3 + (T.4 X 10-5) (OH-) _ (1.48 x 10-5) = 0. 

This is a quadratic equation corresponding to the form 

ax^ + 6a; + e = 0 ; 

the solution is x = 

2 a' ■ ■ 


the solution is 


Ammonia . . . 
Methylamine . 
Dimethylamine 
Trimethylamine 
Ethylamine . . 
Diethylami nc . 
Triethylamine . 


NHa 

CHsNHo 

(CHslaNH 

(CH3).-4N 

C2HSNH2 

(C2Hs)2NH 

(CoHslaN 


1.9 X 10 -s 
5 X 10 -'» 

7.4 X 10 

7.4 X 10-5 

5.6 X 10 -‘i 

1.3 X 10 --* 

6.4 X 10 -'“ 


1.4 X 10-3 
6.9 X 10-3 

8.6 X 10-3 

2.7 X 10 “3 
7.2 X 10-3 
1,1 X 10-3 

8 X 10"3 


Then 
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Fraction ionized 
Per cent ionized 

The primary and secondary amines react with acid chlorides 
as do the alcohols : 

RNHs + CHs • COCl R • NH • CO • CHs + HCL 

RoNH 4- CH 3 - COCl R 2 N • CO • CHs + HCL 

In some cases both hydrogen atoms in the primary amino 
group are replaced by acyl radicals; but usually only one is 
removed, as indicated in the equation. The products (substi- 
tuted amides) are easily crystallized and pmified, and are there- 
fore readily identified. 

The boiling points of a few amines are given below : 


Name 

Mono- 

Di- 

Tri- 

Methylamine . .... 

-6.5° 

+ 7.4° 


Ethylamine ...... 

+ 16.6° 

56° 


Normal propylamine . . 

48.7° 



Tsopropylamine . . . . 

34° 

84° 


Normal butylamine . . , 

76° 

161° 

214° 

Lsolnitylamine ... . . 

68^ 

138.8° 

191.5° 

Secondary butylamine . , 

63° 

132° 


Tertiary butylamine . . 

43.8° 



Normal amylamine ... 

104° 



l^oamylamine . ... . 

95° 

190° 

mmmmm 


The ammonia system. Franklin has called attention to remark- 
able analogies between the properties of "water and ammonia and has 
developed what is known as the ammonia system. Water and liquid 
ammonia are good ionizing solvents. Ionic reactions may be carried 
out in liquid ammonia as well as in water. For instance, silver 
chloride is precipitated from an aqueous solution of silver nitrate 
by the addition of barium chloride, because of the insolubility of 
silver chloride in water. In liquid ammonia silver chloride, silver 
nitrate, and barium nitrate are soluble, and barium chloride is in- 
soluble. The equation 

2 AgNOs + BaClo AgCl -}- BaCNOs)^ 

represents a typical double decomposition which proceeds from left 
to right in water or from right to left in liquid ammonia. 

The ordinary oxygen acids are considered as derivatives of water 
in which hydrogen has been replaced by a nonmetallic element or 


8.81 X 10-3 
0.2 

3.81 X 10-3 
0.2 


X 100 


3.81 X 10-^ 
0.2 


1.90%. 
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In weak bases B ~ (OH") has nearly the same value as B, and 
the equation is often used in the form 

g— 

The constants for a few amines are given in the following table : 


Name 

Formula 

Ajj 


Ammonia . . . . . . . . • 

NHa 

1.9 X lO"”- 

1.4 X 10"® 

Methylamine . . . . . . . 

CH3NH2 

5 X lO-i 

6.9 X 10-3 

Dimethylamine 

(CH3)2NH 

7.4 X 10"“* 

8.6 X 10"3 

Trimethylamine 

(CHslsN 

7.4 X 10"® 

2.7 X 10"3 

Ethylamine 

C2HSNH2 

5.6 X 10-i 

7.2 X 10-3 

Diethylamine ....... 

(C 2 H 5 ) 2 NH 

1.8 X 10 "® 

1.1 X 10"2 

Triethylamine ....... 

(CoHelsN 

6.4 X 10"‘i 

8 X 10-3 


To calculate the concentration of hydroxide ions in a 0.2 M solution of 
trimethylamine, the constant is used as follows : 

, 1! = 7.4 x lO-5, 

(OH-)2 = 1.48 X 10-s, 

(OH") = Vm.S X 10"® = 3.84 X 10~® moles per liter. 

3.84 X lO-'* 


Fraction of the base ionized 
Per cent ionized 


0.2 

3.84 X 10-3 

0.2 


X 100 = 1.92%. 


In this estimation the concentration of OH" ions was considered negligible 
as compared with the total quantity of base present, A more accurate 
calculation is made as follows : 

=74X10"® 

0.2- (OH") ’ 

(OH~)2 = (1.48 X 10-®) - (7.4 X 10"®)(OH"), 

(C>H-)2 + {7.4 :X 10"®)(OH") - (1.48 X 10"®) = 0. 

This is a quadratic equation corresponding to the form 

oas® 4- 6^ + c = 0; 


the solution is 
Then (OH") 


h d: U 4 flg 

■ 2 a . , 


(7.4 X 10"fi) ± V(5U8 X 10-^0) + (5.92 xTF^ 

■ ■ 

■ (7.4 X IQ-s) ± V(0.0()548 x lO-U'V (^2 X 10^ 

• (0.074 X lQ-3) ± (7,69 X 10~H 

, , . 2 






The ammonia system. Franklin has called attention to remark- 
able analogies between the properties of water and ammonia and has 
developed what is known as the ammonia system. Water and liquid 
ammonia are good ionizing solvents. Ionic reactions may be carried 
out in liquid ammonia as well as in water. For instance, silver 
chloride is precipitated from an aqueous solution of silver nitrate 
by the addition of barium chloride, because of the insolubility of 
silver chloride in water. In liquid ammonia silver chloride, silver 
nitrate, and barium nitrate are soluble, and barium chloride is in- 
soluble. The equation 


2 AgNO;? + BaCla :i=±:2 AgCl -f Ba(N 03)2 

represents a typical double decomposition which proceeds from left 
to right in water or from right to left in liquid ammonia. 

The ordinary oxygen acids are considered as derivatives of water 
in which hydrogen has been replaced by a nonmetallic element or 


i 
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by a negative radical. Acetic acid, for example, is water in which a 
hydrogen atom has been replaced by the acetyl group, CH3CO — . If 
the same group is substituted for hydrogen in ammonia, we obtain 
the amide, CH3CONH2, or the imide, (CH3CO)2NH, and these are 
acids in the ammonia system. That is to say, they bear the same 
relationship to ammonia that ordinary acids bear to water. 

Bases, such as NaOH and Ba(OH) 2 , are derivatives of water in 
which hydrogen atoms have been replaced by metals. Similarly, 
compounds like sodium amide, NaNH 2 , and barium imide, BaNH, 
represent derivatives of ammonia in which hydrogen atoms have 
been replaced by metals. They are bases in the ammonia system. 

Ordinary acids and bases react to form salts and water; and, in 
the same way, ammono acids and bases yield ammono salts and 
ammonia: 

CH3COOH + NaOH ^ CHsCOONa + H2O. 

Aquo aeid Aquo base Salt Water 

CH 3 CONH 2 + NaNHa ::i=± CHsCONHNa + NH 3 . 

Ammono acid Ammono base Salt Ammonia 

Acid amides and imides are the acids of the ammonia system. 
Metallic amides, imides, and nitrides are the bases; and metallic 
derivatives of the acid amides and imides are the corresponding salts. 

An ester is formed, in the water system, through the action of an 
acid on an alcohol, and by hydrolysis the ester may be reconverted 
into the original acid and alcohol, the reaction being reversible: 

RCOOH + R'OH ::?i± RCOOR' + H2O. 

Acid Alcohol Ester Water 

In the ammonia system the corresponding reagents and products 
are amides, amines, substituted amides (ammono esters), and am- 
monia; and the process of reconverting the ammono ester into the 
ammono acid and amine is called ammonolysis : 

RCONH2 + R'NHo RCONHR' + NH3. 

Acid Alcohol Ester Ammonia 

For a complete treatment of this subject see E. C. Franklin’s "The 
Ammonia System of Compounds.” Reinhold Pub. Corp., 1935. 


CYANIDES AND CYANATES 


The principal derivatives of cyanogen are the cyanides or 
nitriles, RCN ; the isoeyanides or carbylamines, RNC ; the 
cyanates, PwOCN ; the isocyanates, RNCO; and the fulmi- 
nates, RONC. 

Cyanogen, C 2 N 2 (m.p. -34.4°, b.p. -20.7°), is a colorless, 
poisonous gas, fairly soluble in water (4 : 1 by volume) and very 
soluble in alcohol (23 : 1). It burns vdth a purple flame. Its 
formation from oxamide by dehydration indicates its structure : 


CONH 2 

I 

CONH 2 



CN 

j 4- 2 H 2 O. 
CN 


It is usually made by heating a solution of potassium cyanide 
with copper sulfate. The cupric cyanide first formed decom- 
poses, yielding cuprous cyanide and cyanogen. 


CYANIDES AND ISOCYANIDES 

Hydrogen cyanuk, or prussic acid, HCN (m.p. — 14°, b.p. 26°), 
is a colorless, poisonous liquid, having an odor resembling that 
of almond oil. It has a high dielectric constant and is a good 
ionizing solvent for many inorganic salts. Prussic acid occurs 
as a glucoside in bitter almonds and in the seeds of many tropical 
plants. 

Hydrocyanic acid is ten thousand times weaker than acetic 
acid. The dissociation constants are 1.3 x 10“'^ and 1.8 X 10~® 
respectively. The salts of hydrocyanic acid are decomposed by 
carbonic acid. 

Many processes have been devised for using atmospheric ni- 
trogen as a source of cyanides. Calcium carbide, when heated 
in an atmosphere of nitrogen, is converted into calcium cyanide 
and calcium cyanamide : 

CaC 2 + N 2 -—>-,Ca(CN) 2 ; 

Ca(CN )2 — > CaNGN,-j- G. : ' 

. m::, 
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Calcium cyanamide is manufactured in enormous quantities 
for use as a fertilizer. When applied to the soil it undergoes 
hydrolysis to cyanamide, which in turn is converted into urea 
and ammonium salts. Under the influence of nitrifying bac- 
teria present in all productive soils, ammonium salts are con- 
verted into nitrites and ultimately into nitrates, and thus 
nitrogen withdrawn from the air through the agency of cal- 
cium carbide becomes available to plants. Calcium carbide 
prepared from lime and coke in an electric furnace is pulverized, 
then reheated in an atmosphere of nitrogen. Enough heat is 
evolved in the reaction to maintain the nitrifying ovens at the 
proper temperature. 

The nitrogen used is obtained from the atmosphere (1) by 
distillation of liquid air (the first fraction is largely nitrogen) 
or (2) by passing air over red-hot, finely divided copper on 
asbestos. The copper oxide is reduced by hot natural gas 
without removing it from the tubes, so that the same copper 
can be used repeatedly. 

Cyanamide, cf , is a colorless crystalline substance 

^NH2 

(m.p. 44°). The usual laboratory method for making it in small 
quantities consists in passing carbon dioxide over hot sodium 
amide : 

2 NaNHa -}- CO 2 — ^ CNNHb + 2 NaOH. 

Cyanamide combines with water to form urea. With am- 
monia it yields guanidine, and with hydrogen sulfide it forms 
thiourea: 


/NH. 


^N NH3 /NH2 
C^NH 
12 ^NHa 


I 

” > C^NH , Guamdine; 






/NHa 

Cr— S , TMourea. 


In an ammoniacal solution of a silver salt it forms a yellow 
precipitate, CN • NAga. 
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Potassium cyanide reacts with alkyl halides in alcoholic 
solution, yielding alkyl cyanides or nitriles, RCN, mixed with 
smaller amounts of isocyanides or carbylamines, RNC : * 

RX + KCN — ^RCN+KX. 

EX + KCN > RNC + KX. 

The isocyanides are converted into the normal compounds when 
heated to 250®. 

Nitriles ma 5 ? be obtained from amides by heating the latter 
with phosphorus pentoxide : 

CHs • CONH 2 CHa • CN + H 2 O. 

Many amides may be converted into nitriles by bromine and 
potassium hydroxide. An amine is first formed,! and with the 
lower members the amine is the final product : 


C4H9 • CHs • CONH2 + KOBr + 2 KOH 

— C4H9 • CH2NH2 + K2CO3 + KBr + H2O ; 

C4H9 • CH2NH2 + 2 KOBr — > C4H9 • CN + 2 KBr + 2 H2O. 

The alkyl cyanides are readily hydrolyzed to amides or to 
acids. Boiling with acids or alkalies usually carries the hy- 
drolysis to completion ; that is to say, acids or salts of acids 
are produced. Warming cyanides with hydrogen peroxide often 
results in the formation of amides : 

E • CN + H2O2 — E • CONH2 + J O2. 


Reduction by sodium amalgam in alcoholic solution or by 
hydrogen in contact with hot nickel converts a cyanide into 
an amine : ■ 

ECN-f 2 H 2 — ^RCH 2 NH 2 . 


These reactions all indicate that the carbon of the cyanide 
radical is linked directly to carbon in the alkyl group. In other 
words, the formula of a nitrile is RCN and not ENG. 

The nitriles are derived indirectly from alcohols or directly 
from alkyl halides and they are readily hydrolyzed to acids 
or reduced to amines. They are named with reference either 

* Hydrocyanic acid is itself a tautomeric substance, H • G : N and H • N : C, 
and nearly all its derivatives are capable of existence in two forms, 
t See Hofmann Rearrangement, p. 431, 
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to the aikyl halides from which they are derived or to the acids 
which they form. Thus CHsCN is either methyl cyanide or 
acetonitrile ; and C2H5GN is ethyl cyanide or propionitrile. 


Cyanides or Nitriles 


Name 

POEMULA 

Boiling Point 

Acetonitrile . 

CH. 1 GN 

82° 

Propionitrile ......... 

CH 3 • CH 2 CN 

97 . 1 ° 

Butyronitrile (n) . . , • . . . 

CHa • CH 2 ■ CHs • CN 

118° 

Butyronitrile (?'so) ....... 

(CH3)2CHCN 

108° 

Valeronitrile (n) . 

CHsCCHsisCN 

141° 

Isiopropylacetonitrile 

(CHalcCH • CHaCN 

129.8° 

Methylethylacetonitrile ..... 

>CHCN 

125° 

C 2 H 5 ' 


Trimethylacetonitrile , . . . . 

(CHalaCCN 

106° 

Isobutylacetonitrile 

(CHaloCH • CH 2 • CH 2 CN 

155.5° 

Dietliylucetonitrile ... . . . 

(C 2 H.P 2 CHCN 

146° 


Methyl cyanide, CH3 • CN (m.p. — 41 °), a liquid having a 
I pleasant odor, is prepared by distilling acetamide with phos- 

; phorus pentoxide. Ethyl cyanide, C2HS • CN (m.p. — 103°), is 

j made in the same way from the amide of propionic acid. All 

; members of the series containing fewer than five carbon atoms 

i and most of the higher members are liquids somewhat lighter 

; than water and only sparingly soluble in water. Trimethyl- 

; acetonitrile is a solid (m.p. 16 °). Myristonitrile, C13H27CN, 

I melts at 19 ° ; palmitonitrile, C15H31CN, at 29 ° ; stearonitrile, 

! CitHssCN, at 41 °; and margaronitrile or cetyl cyanide, 

; C10H33CN, at 53°. 

; The isocyanides or carbylamines are liquids characterized 

1 by persistent and offensive odors. They are produced from 

i primary amines by the action of chloroform and an alkali in 

I alcoholic solution : 

I CH 3 NH 2 + CHCU + 3 KOH — > CHsNC + 3 ECl + 3 H 2 O. 

: Cold dilute acids hydrillyze carbylamines to amines and for- 

i mic acid : 

CH 3 NC + 2 ao.— s-GHaNHs + HCOGH. 

I They are not hydrolyzed by alkalies even when warmed. The 

j normal cyanides, on the other hand, are hydrolyzed by either 

I acids or alkalies. 

• 
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The formula .R--N=G for an isocyanicle was established by 
Nef.=^= It was formerly written R— N^C, but there is no evi- 
dence for the existence of a quadruple bond between atoms in 
any compound ; and there is an abundance of evidence for the 
existence of compounds of bivalent carbon. That the carbon 
atom is iinsaturated in an isocyanide is indicated by the fact 
that phenylisocyanide, CoHs— N=C, forms an addition product 
with chlorine, having the structure CeHs — N^CCR; and is 
oxidized to an isocyanate by mercuric oxide : 

CoHs N=C -f- HgO — CeHs — N=C=0 -j- Hg. 

In these reactions additions occur on the carbon atom exclu- 
sively, and there are many other examples of the same type. 
If a multiple bond were broken, the added atoms would be 
shared by two elements instead of going to one alone. 

CYANATES, ISOCYANATES, AND FULMINATES 

Cyanic acid, HOCN, derived from cyanuric acid, (HOCN) 3 , 
as explained in the next paragraph, is an extremely unstable 
liquid. At temperatures above zero it polymerizes to an amor- 
phous solid composed of cyamelide, (HNCOls, and cyanuric 
acid, (HNCO)^. A solution of the acid in water is also un- 
stable, changing spontaneously at ordinary temperatures into 
carbon dioxide and ammonia. 

Cyanuric acid is made by heating urea. Biuret is first formed, 
but this reacts with another molecule of urea, forming cyanuric 

SLCld * 

2 NH 2 CONH 2 NH 2 CONHCONH 2 + NHs ; 

Ui’ea Biuret 

NH2CONHCONH2 + NH2CONH2 C3H3N3O3 + 2 NH3. 

Biuret Urea Cyanuric add 

Cyanic acid is obtained by distilling cyanuric acid and cooling 
the distillate to a temperature below zero. 

The constitution of cyanic acid has hot been definitely es- 
tablished. It is either H—O—CsN or H~N=C--0 or an 
equilibrium mixture of the two. It forms two series of deriva- 
tives, those corresponding to the formula HOCN, called normal 
cyanates, and derivatives of HNGO, known as isocyanates. 

* Nef, 270, 267 (1892) ; 287, 265 (1895). 
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Esters of normal cyanic acid have not been isolated, for they 
polymerize as rapidly as formed, producing esters of cyanuric 
acid. Esters of isocyanic acid are well known. They are 
liquids having disagreeable odors. They poUmierize to iso- 
cyanuric esters when heated and are hydrolyzed by water 
to carbon dioxide and amines : 

RNCO + H 2 O —>■ RNH 2 + CO 2 . 

Cyamelide, mentioned above as one of the polymerization 
products of cyanic acid, is a stable, nonvolatile, and insoluble 
solid substance. It is formed rapidly and spontaneously from 
the vapor of cyanic acid at ordinary temperatures. At higher 
temperatures cyanuric acid is formed. Cyamelide is con- 
verted into cyanuric acid by hot alkalies; but cyanuric acid 
can be changed back to cyamelide only through the formation 
of cyanic acid as an intermediate product. The formulas as- 
signed to these substances are 

HOC^^'^COH OC'^^^'^CO HNC/^\CNH 


N N 
\ / 
COH 

Cyanuric acid 


HN NH 

\ / 

CO 

laocyanuric acid 


0 0 

\ / 
GNH 

Cyamelide 


but there is still doubt as to the validity of these structures. 

Fulminic acid, H — 0 — N==C, has not been isolated in the 
free state. Its salts are more stable, but even the salts of ful- 
minic acid must be handled with care. They are easily de- 
tonated, and in fact their only practical value depends upon this 
property. Mercury fulminate, Hg(ONC) 2 , is used in percus- 
sion caps for firearms and in the caps used in connection with 
fuses for firing blasting gelatin and dynamite. 

Hydrochloric acid combines with fulminic acid, yielding the 
oxime of formyl chloride in the form of large, colorless Crystals 
which rapidly vanish by evaporation, even at room tempera- 
'■'ture:''. ^ .H 
H---0-™N==C + HCl •—»- H-~0~N===C< 

^CI 

This reaction, coupled with the fact that fulminic acid and 
many of its derivatives yield hydroxylamine on hydrolysis, in- 
dicates the presence of the =NOH group in all fulminates. 
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From the standpoint of plant life the carbohydrates are the 
most important compounds in nature ; for the major part of 
the solid matter in all plant tissues is made up of representa- 
tives of this group. Cellulose, starch, and sugar are typical 
carbohydrates. 

The name implies that these compounds are hydrates of 
carbon; it was, in fact, chosen to convey that idea. Sugars 
are now known, however, in which hydrogen and oxygen are 
not present in the same ratio as in water. Examples are rham- 
nose and fucose, each having the formula C6H12O5. On the 
other hand, there are many compounds consisting of carbon, hy- 
drogen, and oxygen, with formulas of the type C„H2«On, that 
are not related to the sugars and would never be classed as carbo- 
hydrates on the basis of physical or chemical properties. Exam-* 
pies are formaldehyde, CH2O ; acetic acid, C2H4O2 ; and lactic 
acid, GsHgO;}. The term carbohydrate, therefore, is not a well- 
chosen name for the class of compounds comprising the sugars 
and starches. The simple sugars are polyhydric alcohols and 
they are also aldehydes or ketones. The more complex sugars 
and the starches and celluloses are condensation products of 
the simple sugars. The union of simple sugar molecules to form 
higher sugars and starches is accomplished through carbonyl 
groups, and, as a consequence, the condensation products may 
or may not display the properties of aldehydes or of ketones. 
They all possess alcoholic hydroxyl groups, and they are all 
converted into simple sugars by hydrolysis. We shall continue 
to classify the sugars, starches, and celluloses as carbohydrates, 
but we shall think of them not as hydrates of carbon but as 
aldehyde alcohols or ketone alcohols or compounds that, upon 
hydrolysis, yield aldehyde alcohols or ketone alcohols. 

The carbohydrates fall into two principal classes: ( 1 ) the 
crystalline, soluble, and sweet carbohydrates of comparatively 
low molecular weights known as sugars, and (2) the amor- 
phous, tasteless, and more or less insoluble bodies called cel- 
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luloses and starches. They are classified also as monosaccha- 
rides, disaccharicles, and polysaccharides. The monosaccharides 
include the simple sugars, such as glucose and fructose, and all 
carbohydrates that cannot be hydrolyzed with the production 
of smaller units. The disaccharides, such as cane sugar, milk 
sugar, and maltose, are made up of two smaller carbohydrate 
molecules, and each polysaccharide is composed of more than 
two monosaccharide molecules. 

Although the onlj?- important monosaccharides are the sugars 
having five or six carbon atoms in the molecule, representatives 
of the class are known with from three to ten carbon atoms. 
The names triom^ tetrose, ‘pentose, and so on are used to 
designate these subclasses. The terms aldose and ketose are 
used to distinguish the aldehyde alcohols from the ketone 
alcohols. Thus, if a monosaccharide is a ketone alcohol of six 
carbon atoms, it is called a ketohexose; an aldehyde alcohol 
of five carbon atoms is an aldopentose. 

In order to ascertain the structure of a simple sugar, let us 
consider the following facts which apply to all aldohexoses ; 

1. By analysis and molecular- weight determinations the com- 
pound is found to have the empirical formula CtiHuiOij. 

2. It is reduced by hydrogen iodide to normal hexane or to 

normal hexyl iodide. Therefore the six carbon atoms form a 
continuous chain, j I ^ I I ^ 

^ .-.C—C—C—C—C—C— : 

1 i ,1 I J 1 

3. It forms an addition product with one and only one mole- 
cule of hydrogen cyanide. It forms an oxime ^vith hydroxyl- 
amine and a hydrazone with phenylhydrazine. It therefore has 
one carbonyl group. It is either an aldehyde or a ketone. 

4. Gentle oxidation converts it into a monobasic acid having 
the same number of carbon atoms. At the same time the 
properties referred to in the last paragraph disappear. The 
sugar is, therefore, an aldehyde, and since the group CHO is 
univalent, the carbon atom in this group is terminal ; that is, 
it is at the end of the chain, 

5. The monobasic acid referred to in the last paragraph is oxi- 
dized by nitric acid to a dibasic acid (CoITioOa). The sugar 
has, therefore, a primary alcohol gi’oup, for, by oxidation, two 
carboxyl groups are formed without loss of carbon, and only 
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15S 


one aldehyde group is present in the unoxidized molecule. 
This CH 2 OH group, being univalent, must be terminal. We 
have then 

xl H 

I 1 I 1 1 I 

H- C— C— C—C— C— C=0 

I I 1 I I 

OH 


6. The sugar reacts with acetic anhydride or with acetyl 
chloride, forming a penta-acetyl derivative, indicating the 
presence of five hydroxyl groups. Stable compounds having 
two hydroxyl gi*oups attached to the same carbon atom are 
exceedingly rare ; and the few that exist behave like aldehydes. 
The hexahydric alcohol derived from an aldohexose, by reduc- 
tion, has no aldehydic properties. Hence we must conclude that 
only one hydroxyl gi’oup is attached to each of five carbon 
atoms, and the formula as determined up to this point is 


H H 

I I I I I I 

H— C— C— C— C— C— C=0 

I I i I I 

OH OH OH OH OH 


7. The empirical formula C{iHi20g indicates that four other 
hydrogen atoms are present in' the molecule, and it is obvious 
that they must be held by the four central carbon atoms. The 
formula, therefore, for any aldohexose must be 

CH 2 OH - CHOH • CHOH • CHOH • CHOH • CHO. 

There are four asymmetric carbon atoms in this formula, and 
therefore sixteen stereoisomeric, compounds having this struc- 
ture should exist. (See page 117.) 

Miitarotation. Two dextrorotatory and two Isevorotatory 
forms of glucose are known. They are called a-d-glucose, 
jd-ri-glucose, a-^-glucose, and j(3-^glucose. The a; form of the 
dextrorotatory glucose (a-d-glucose) is obtained by dissolving 
any sample of d-glucose in water and allowing it to crystallize 
through evaporation of the solvent. The form is obtained by 
crystallizing d-glucose from pyridine or acetic acid, The l^vo^ 
rotatory forms of glucose are synthetic products— they are 
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not found among the naturally occurring sugars. A freshly 
prepared aqueous solution of a-d-glucose has a specific rotation 
of 113.4°, and a freshly prepared aqueous solution of the 
iS-d-glucose has a specific rotation of 19.8°. Both solutions 
gradually change in rotatory power until the intermediate value 
(52.7°) is reached. The phenomenon of change in this optical 
property is called mutarotatiqn. It is displayed by all pentoses 
and hexoses. To account for it we assume that the mono- 
saccharides exist mainly in the form of semiacetals having ring 
structures. Using the formula for d-glucose as an example, we 
have the following possible structures : 

HC=0 
H(*)OH 

HOctlH 

nioH 

H(!)0H 


HC=-: 

H(*)OH 

HOC^H 

I 

HCOH 

ni- 


-OH 


-H 


0 


o 




OH 




H2OH 


d-Glucose (aldehyde form) a-d-GIueose (a semiaeetal) 


HOC-= 

HCOH 

HoiH 

HCOH 
HC — 
inaOH 

^-d-Glueose (a semiacetal) 

Acetals are produced in reactions between aldehydes and 
alcohols. In this case the two reacting groups, CHO and OH, 
are in the same molecule. Since the reaction stops when one 
alcoholic hydroxyl group has reacted with the carbonyl group, 
the product is called a semiacetal or hemiacetal. tn ionmng an 
ordinary acetal two alcoholic hydroxyl groups react with an 
aldehyde group (see page 76). 

The conversion of the open chain (aldehyde form) into a ring 
or cyclic structure (semiacetal form) renders the aldehyde 
carbon atom asymmetric and thereby increases the number of 
possible isomers. The semiacetals are known as a and ^ forms 
of the sugar. They are isomeric forms, but they are not mirror 
images of each other. The semiacetal having the highest posi- 
tive rotation is referred to as the a-compound. In the or- 
compound the hydroxyl group attached to the aldehydie carbon 
atom and the hydroxyl group on the adjacent carbon atom are 
on the same side of the ring {cis positions). In the jS-form these 
hydroxyl groups are on opposite sides of the semiacetal ring 
{trans positions). 


F 

h ; 
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For many years the a- and /S-sugars and their derivatives 
were represented as butylene oxides ( 7 -semiacetals). There is 
evidence now that in many of them, ring closure is effected 
through the 5-carbon atom.* 

In solution the three forms of a monosaccharide are in 
equilibrium with each other, but the equilibrium is established 
with practically all of the sugar in the semiacetal form. In the 
solid state the monosaccharides are probably in semiacetal 
forms exclusively. The ring structures are more accurately 
represented as follows : t 


OH H 

H 

0 

i 

HO 

I I 

H CH 2 OH 

^-d-Glucose 

To wsualize these structures think of the carbon atoms as 
being in a plane perpendicular to the plane of the paper. Then 
the atoms or groups shown above the carbon atoms are above 
the plane of the ring and those placed below the carbon atoms 
are on the opposite side of this plane. 

Through a reversal of the process of semiacetal formation 
either of these sugars may revert to the aldehyde form. The 
hydrogen atom marked with a star is able to shift its position 
from one to the other of the two oxygen atoms. This capacity of 
a hydrogen atom to occupy either of two positions accounts for 

*For a full discussion of the structures of the sugars see W. N. Haworth’s 
"Constitution of Sugars." Edward Arnold and Co., London, 1929. 

t These cyclic .structures are often referred to as pyranose and furanose rings to 
indicate their relationships to pyran and furan respectively. Furan and pyran are 
cyclic compounds corresponding to the following formulas : 

CH=CH CH=CH 

I ^0 H2C<^ 

CH=:CH CH— CH 

Furan ^ Pyran 

Furan (furfuran) is a colorless liquid. It boils at 32° and is insoluble in water. 
Pyran has not been isolated in the free state, but many derivatives of the com- 
pound are known. 




OH OH* 
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the phenomenon of mutarotation and at the same time accounts 
for the aldehydic or ketonic properties of the monosaccharides. 


OH 



rf-Glucqse (aldehyde form) 

, 7-Sugars. Some of the simple sugars and glueosides exist in 
forms that are not accounted for by assuming the existence of a 
and ^ isomers. They are additional isomers in which the semi- 
acetal ring is formed through hydroxyl groups in other positions. 
They are designated 7-sugars. The term is not used to imply 
that the 7-carbon atom is engaged in the ring formation, 
although this is often the case. The 7-sugars have not been 
isolated, but ethers and esters derived from them are known. 

Methylglucosides. When a solution of glucose in cold methyl 
alcohol is saturated with hydrogen chloride and allowed to stand 
several hours, a- and / 5 -methylglucosides are formed. These 
compounds have no aldehydic properties and do not display 
mutarotation. They are derivatives of the a and ^ forms of the 
sugar in which methyl groups have replaced the labile hydrogen 
atoms. A methyl group, unlike a hydrogen atom, fails to move 
from one position to another. The methylglucosides, therefore, 
have the following permanent structures : 


OH OCH 3 OH H 



H CH 2 OH 


a-(J-Methylglueoside, : ^ ^-d-Methylglucoside 
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The niethylglucosides are crystalline compounds. They may 
be separated by fractional crystallization or through the agency 
of enzymes. The enzymes maltase and enmlsin act selectively 
upon the glucosides, the former hydrolyzing n-glucosides only 
and the latter acting only upon the isomeric jd-compounds. 
«-Methylglucoside melts at 165° and has a specific rotation of 
+ 157°. The /3-compound melts at 104° and has a specific rota- 
tion of —BS®. 


REACTIONS OF THE MONOSACCHARIDES 

1. The complex silver-ammonia ion, Ag(NH 3 ) 2 ''', present in 
Tollen’s reagent is reduced to free silver by the monosaccharides 
and by some disaccharides. Sugars that respond to this test 
are called '' reducing sugars.” The silver usually plates out on 
the walls of the container, producing a mirror (see page 74). 

2. The sugars are converted into yellow or brown resinous 
substances by treatment with a warm solution of sodium 
hydroxide or potassium hydroxide. The structure of the resin 
is not known, but the colored compound is believed to be a 
condensation product of the aldol type (see page 71) . 

3. The monosaccharides, and some of the more complex car- 
bohydrates, reduce Fehling’s .solution.* 

4. The monosaccharides react with acid chlorides and with 
acid anhydrides, forming esters. If an excess of the acylating 
reagent is used, all the hydroxyl groups in the sugar molecule 
take part in the reaction (see pages 95 and 97 for the reactions 
of acid chlorides and acid anhydrides on compounds containing 
hydroxyl groups). 

5. Dimethyl sulfate acts upon a monosaccharide, substituting 
a methyl group for each of the hydroxyl hydrogen atoms. With 

* Pehling’s solution is prepared us follows: 

Solution A: Grams 

Water ... . . . ... . . 1000 

Copper sulfate (hydrated) , . . . . . , . . . . . . . 69.3 

Solution B : 

Water . . . . 1000 

Potassium hydroxide 250 

Sodium pota.s.sium tartrate 346 

For xisc mix equal volumes of A and B. In the presence of tartrate ions copper is 
not precipitated by the alkali. An aldehyde reduces copper from the cupric to the 
cuprous state. Cuprou-s oxide, CuaO, is precipitated. (Under some circurastance.s 
metallic copper is deposited on the walls of the vessel.) The aldehyde is oxidized to 
an acid. Other oxidation products are sometimes formed. 
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this reagent glucose yields at first a methylglucoside and 
finally a pentamethyl derivative. The completely methylated 
sugar is called tetramethyl-methylglucoside. In this compound 
the glucosidic methoxy group is held by a carbon atom which is 
attached by two valence bonds to oxygen. This group, there- 
fore, has the characteristics of an ester and is easily hydrolyzed. 
The other four methyl gi’oups are in ether-like structures and 
are not hydrolyzed unless very drastic treatment is applied. 


o 


HC= 

nioH 

Hoin 

nioH 
ni — 

inaOH 

(X-d-Glucose 

I 


-OH 

(CH3)2S04 




KOH 


-OCH3 

HaO 
dil. HCl 


HC== 
i 

HCOCH3 

CHsOciH 
1 

HCOCH3 

H(i 

(iHaOCHs 

Tetramethyl-a-d-xnethylglucoside 

II 


HG= 


HCOGH3 

nXT Ar^TT 

niocHa 

ni 


-OH 


0 


CH2OCH3 

Tetramethyl-a-d-glucose 

III 


In solution the semiacetal form of the methylated sugar, 
tetramethyl-a-d-glucose, is in equilibrium with the aldehyde 
form. 

HC====r-OH 

[k 


HC0CH3 

CHsoin 

1 

HC0CH3 
H(1 


0 


HC---0 

I 

HCOCH3 

( 

CH3OCH 


HCOCH3 

HcioH 


GH2OCH3 

in 




H2OCH3 

IV 


The unsubstituted hydroxyl group in formula TV marks the 
position at which the ring in the original glucoside, 11, was 
closed, and presumably the free sugar, I, from which the glu- 
coside was derived had the corresponding ring structure. This 
position can be determined experimentallyy for the group 
HCOH is readily oxidized, whereas the substituted groups, 
HCOCH3, resist oxidation. We are, therefore, able to determine 
whether a given glucoside is a derivative of a 7-semiacetal or 
of a 6-semiacetal or whether the ring was closed in some other 
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position. Treatment with nitric acid converts tetramethyl 
glucose into trimethoxyglutaric acid, indicating, in this case, 
that the original sugar was a 5-semiacetal. 


CHO 

i 

HCOCH3 

i 

CH3OCH 

I 

HGOCHs 

HCOH 


CH2OGH3 

3, 4, (>-Tetramethyl glucose (aldehyde form) 


HNO3 

I— ^ >1 


COOH 

HC0CH3 

CHaO^H 

HCOGHs 

COOH 

Trimethoxyglutaric acid 


6. The monosaccharides react with phenylhydrazine forming 
crystalline derivatives called osazones. The first step in the 
process is the production of a hydrazone. 


CHO 

itlOH 

i 

CHOH CbHsNHNHs 

inoH ^ ~~ ^ 

I 

CHOH 

J, 
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CH=N--NH— CeHs 

i 

CHOH 

CHOH +H2O 

I- ■ 

CHOH 

inoH 

I 

CH20H 


In the presence of an excess of the reagent the hydrazone is 
oxidized to a ketohydrazone and a molecule of phenylhydrazine 
is reduced, simultaneously, to aniline and ammonia : 


CH=N-~-NH— CeHs 
CHOH 

inoH 

i C6H5NHNH2 

CHOH ^ 

1 
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-hCoHsNHs-fNHs 
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A third molecule of phenylhydrazine then acts upon this 
ketone, with the production of a yellow crystalline osazone : 

CH-=N~-NH— CgHs CH—N-NH-^CeHs 

C =0 C=:N— NH--C6H5 

CHOH CHOH 

1 C6H5NHNH2 I +H2O 

CHOH CHOH 

1 I' 

CHOH CHOH 

(IHaOH CH2OH 


The colors, crystal forms, and melting points of the osazones 
afford satisfactory means of identifying some of the sugars. 

7 . With hydrogen cyanide the simple sugars form addition 
products known as cyanhydrins. Through this reaction the 
carbon chain is lengthened and, at the same time, the carbon 
atom of the carbonyl group of the sugar is rendered asymmetric. 


HGOH 


HOCH 

I 

ho6h 

I 

CH2OH 


HCN 


CN 

HCOH 

I 

HCOH 

I 

HOCH 

HOCH 


and 


CN 

HOCH 

HCOH 

! 

HOCH 

r 

HOCH 


CH2OH CH2OH 


The cyanhydrins may be hydrolyzed by boiling them with 
hydrochloric acid, and the resulting carboxylic acids form lac- 
tones spontaneously if it is structurally possible to engage the 
7- or the 5 - carbon atom in ring closure (that is, if there is a 
hydroxyl group attached to a carbon atom in either the 7- or 
the 6- position. See page 112). 

The lactones can be reduced to aldehydes by treatment with 
sodium amalgam and dilute sulfuric acid, or by hydrogen gas 
in the presence of finely divided platinum.* Acids that do not 
form lactones cannot be reduced to aldehydes by these methods. 

* J. W. E. GlattfelcI and G. Weber, ,7. Am. Cherti. Soc., 57, 2204 (lOSn). 
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Salts of carboxylic acids likewise resist reduction. Sulfuric 
acid is used with sodium amalgam to prevent the neutralization 
of the carboxylic acid and to favor lactone formation. 


- --^€=^0 

CHO 

HCOH 

j ! 

J 

HCOH 

1 

HCOH — 

j 

» HCOH 

CH 

j 

HOCH 

j 

HOCH 

1 

HOCH 


CH 2 OH CH 2 OH 

Lactone Monosaccharide 

This series of reactions, aldose — cyanhydrin ■ — ^acifi 
— lactone — ^ aldose, is known as the cyanhydrin syn- 
thesis of the monosaccharides. It is used to produce pentoses 
from tetroses, hexoses from pentoses, and so on. 

8. It is possible also to reduce the number of carbon atoms in 
an aldose carbon chain. One of the best methods for accomplish- 
ing this is to oxidize the aldose to a carboxylic acid, form the 
calcium salt of the acid, then decompose the salt by treatment 
with hydrogen peroxide in the presence of ferric ions. As an 
example of this series of reactions we have the conversion of 
d-galactose to d-lyxose.=’- 

CHO 

i 

HCOH 

■ ! . 

HOCH 

I 

■PTAr'XT 

XlUVyXi 

;!'■ . 

Xjr^ATJ 

iriOv/xl 

I 

CH2OH 

d"Galaetoao 

The reaction is usually carried out in a slightly acid solution 
and carbon dioxide is evolved. 

* Ruff and Ollradorf, Bir., 33, 1798 (1900). 

t The symbol ca stands for i Ca. ft is used to avoid the necessity of writing a 
formula consisting of two galactose residues attached to a calcium atom. 
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Aldoses may be converted into the corresponding ketoses 
by the following steps: (1) by the action of phenylhydrazine 
an osazone is formed ; (2) concentrated hydrochloric acid re- 
moves from the osazone both hydrazine groups and produces an 


osone ; (3) the osone is reduced by zinc and acetic acid to a 
ketose. The third step is possible because an aldehyde is more 
easily reduced or oxidized than is a ketone. In the osone we 
have a ketone-aldehyde, and gentle reduction changes the 
aldehyde group only. 

CHaOH 

CH 2 OH 
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CH 2 OH 

CH 2 OH 
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CHOH 

CHOH 
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CHOH 
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CHOH 

(!:hoh 
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— > CHOH 
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CHOH 
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CHOH 

1 

j 

CHOH 

1 

I 

CHOH 

j 

NHCgHs 

1 

C-0 

c=o 

CHO 

Aldose 

GH-=N-~NHCgH5 

Osazone 

1 

CHO 

Osone 

j 

CH 20 H 

Ketone 


By this method fructose has been obtained from glucose. ^ 

. Ketoses may be converted into aldoses. Aldoses and 

^-^etoses are reduced by sodium amalgam to hexahydric alcohols. 
The terminal primary groups in these alcohols are more easily 
oxidized than the secondary groups, and by selective oxidation 
the polyhydric alcohols may be converted into aldoses. In this 
manner glucose has been obtained from fructose, 
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CH2OH 

CHsOH 

j 

CHOH 

j 

CHOH 
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1 

CHOH 

1 

CHOH 

I 

CHOH 
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CHOH 

CHOH 

1 

^ 1 ^ 

CHOH 

CHOH 

CO 
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I 

CHOH 

j 

CHOH 

CHoOH 

Ketose 

1 

CH2OH 
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. , j ■■■ ■ 

CHO 

Aldose 


At the same time products of more complete oxidation are 
formed. Glucose, for example, yields gluconic, glucuronic, and 
saccharic acids ; 
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CH 2 OH CHO GOOH 

((iH0H)4 (iHOH)4 ((1;H0H)4 

COOH COpH COOH 

Oluconic ucici Glucuronic acid Saccharic acid 


Either gluconic acid or saccharic acid may be made to pre- 
dominate in the mixture by suitable choice of oxidizing agent 
and proper control of the temperature. In either case a small 
quantity of glucm'onic acid is produced. 

Glucuronic acid is formed by the oxidation of glucose in the 
living cells of the animal organism, and from the standpoint 
of physiological chemistry it is a product of importance. The 
ordinary process of carbohydrate metabolism results in the 
oxidation of glucose to carbon dioxide and water; but with 
certain substances, which are not easily oxidized in the body, 
glucose forms stable compounds known as glucosides. The 
aldehyde group of the glucose molecule is involved in the forma- 
tion of the glucoside. The primary alcohol group at the opposite 
end of the glucose molecule is then oxidized to carboxyl, and the 
glucoside becomes a derivative of glucuronic acid. These 
derivatives of glucuronic acid are eliminated from the system 
in the urine. It is nature's way of remomng from the animal 
organism such foreign substances as phenol, aniline, chloral, 
camphor, pinene, and many other compounds. 

CONFIGURATIONS OF THE MONOSACCHARIDES 

An accurate* and complete structural formula of a mono- 
saccharide must show how the groups are arranged in space 
around each asymmetric atom. In order to assign definite posi- 
tions to the atoms and groups in the hexose molecules we must 
first obtain the structures of the simpler pentoses. The pentoses 
as well as the hexoses exist, primarily, in the form of ring com- 
pounds — cyclic structures as shown on pages 154 and 155. 
In determining the orientations of the hydrogen and hydroxyl 
groups, however, it is simpler to use the open-chain formulas. 
Temporarily, therefore, we shall represent the sugars as free 
aldehydes and ketones. 

The pentoses. The molecular formula for any pentose is 
CsHioOs. As in the case of the hexoses, these sugars are aldehyde 
alcohols or ketone alcohols, capable of being reduced to normal 
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hydrocarbons. Acetyl chloride reacts with them to form tetra- 
acetyl derivatives. Hydrocyanic acid, hydroxylamine, and 
phenylhydrazine form cyanhydrins, oximes, and osazones, re- 
spectively, with the pentoses, just as they do with the hexoses. 
They have the structures 


CH 20 H 

1 


CH 2 OH 

CHOH 


I 

CHOH 

] 

CHOH 

and 

CHOH 

1 

i 

CHOH 

1 


c=o 

1 

CHO 


CH20H 

Aldopentose 


Ketopentose 


There are eight isomeric aldopentoses and four ketopentoses 
corresponding to these structures. Half of them are dextro- 
rotatory; the others are Isevorotatory. The aldopentoses exist 
in four pairs and the ketopentoses in two pairs, each pair con- 
sisting of sugars having identical properties, except with respect 
to the rotation of the plane of polarization of light, and differ- 
ing in this respect only in the sign of the angle of rotation. 
According to the structure theory four, and only four, such 
pairs can exist for the aldopentoses, as follows : 
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CH2OH 

CHaOH 

CH2OH 
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HCOH 
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HOCH 
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HCOH 
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]■' 

CH2OH 
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HOCH 
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HCOH 
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HCOH 
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HOCH 
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HCOH 
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■■ ,j ■ , 
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1 

CHO 

V 
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The eight aldopentoses are known as d~ and Z-ribose, d- and 
l-xylose, d“ and ^-arabinose, and d- and ^-lyxose. It is beyond the 
scope of this course to consider the evidences that may ulti- 
mately enable us to specify the member of each pair that is 
dextrorotatory. We shall undertake merely to determine which 
pair of formulas should be assigned to the two arabinoses and 
which to the riboses, and so on. To simplify the procedure 
we shall keep in mind only one structure from each pair, — say, 
formulas I, III, V, and VIL 

vArabinose and ribose react with phenjdhydrazine to yield 
the same osazone. In forming an osazone from any aldehyde 
alcohol or ketone alcohol only the carbon atom of the carbonyl 
group and one adjacent to it become attached to phenylhydra- 
zine residues. Hence arabinose and ribose differ from each 
other onlyr in the orientation of the gi'oups attached to the 
carbon atom next to the aldehyde group. They are, therefore, 
either I and III or V and VII. 

On oxidation, arabinose and lyxose yield trihydroxyglutaric 
acids which are optically active; ribose and xylose 5 ield in- 
active trihydroxyglutaric acids. The acids derived from I and 
V are inactive on account of intramolecular compensation (see 
page 132), whereas the acids derived from III and VII are active : 


CH 2 OH 

1 

HOCH 

1 

HOGH 

1 

HOCH 

! 
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COOH 

i 

HOCH 

! 

HOGH 

1 

HOCH 

I 

COOH 

Inactive 


III 

CH 2 OH 

1 
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1 

HOCH 

1 

HCOH 

1 
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COOH 

! 

HOCH 

! 

HOCH 

! 

HCOH 

I 

COOH 
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V 

CHoOH 

1 

HCOH 

! 

HOCH 

1 

HCOH 

1 
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COOH 
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HCOH 
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1 

HCOH 
■ I 
COOH 
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hydrocarbons. Acetyl chloride reacts with them to form tetra- 
acetyl derivatives. Hydrocyanic acid, hydroxylamine, and 
phenylhydrazine form cyanhydrins, oximes, and osazones, re- 
spectively, with the pentoses, just as they do with the hexoses. 
They have the structures 


CH 2 OH 

CH 2 OH 

j 



j 

CHOH 

CHOH 

1 



j 

CHOH 

and CHOH 



1 

CHOH 

1 

(i=o 
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CHO 

Aldopentose 

CH 2 OH 

Ketopentose 


There are eight isomeric aldopentoses and four ketopentoses 
corresponding to these structures. Half of them are dextro- 
rotatory ; the others are Isevorotatory. The aldopentoses exist 
in four pairs and the ketopentoses in two pairs, each pair con- 
sisting of sugars having identical properties, except with respect 
to the rotation of the plane of polarization of light, and differ- 
ing in this respect only in the sign of the angle of rotation. 
According to the structure theory four, and only four, such 
pairs can exist for the aldopentoses, as follows : 
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I’he eight aidopentoses are known as d- and 7-ribose, d- and 
Z-xyiose, d- and l-arabinose, and d- and l-lyxose. It is beyond the 
scope of this course to consider the e\ddences that may ulti- 
mately enable us to specify the member of each pair that is 
dextrorotatory. We shall undertake merely to determine which 
pair of formulas should be assigned to the two arabinoses and 
which to the riboses, and so on. To simplify the procedure 
we shall keep in mind only one structure from each pair, — say, 
formulas I, III, V, and VII. 

y<4trabinose and ribose react with phenylhydrazine to yield 
the same osazone. In forming an osazone from any aldehyde 
alcohol or ketone alcohol only the carbon atom of the carbonyl 
gi’oup and one adjacent to it become attached to phenylhydra- 
zine residues. Hence arabinose and ribose differ from each 
other only in the orientation of the groups attached to the 
carbon atom next to the aldehyde group. They are, therefore, 
either I and III or V and VII. 

On oxidation, arabinose and lyxose yield trihydroxyglutaric 
acids which are optically active; ribose and xylose yield in- 
active trihydroxyglutaric acids. The acids derived from I and 
V are inactive on account of intramolecular compensation (see 
page 182), whereas the acids derived from III and VII are active : 
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Then arabinose and lyxose are represented by formulas HI 
and VII, but it still remains to be determined which of the two 
structures should be assigned to either of them. Similarly, 
ribose is I or V, and xylose is either I or V. 

The question as to whether arabinose is III or VII is settled 
by treating arabinose with hydrogen cyanide, hydrolyzing the 
cyanhydrin, and oxidizing the resulting product to a dibasic acid. 
Under this treatment arabinose yields two different (isomeric) 
optically active dicarboxylic acids. Lyxose under similar treat- 
ment jields one active and one inactive dicarboxylic acid. 
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Arabinose is thus proved to have formula III and lyxose VII. 
It follows from this conclusion that ribose is I, for arabinose 
and ribose yield the same osazone. It follows also that xylose 
is ,V, for lyxose and xylose form identical osazones. 

Hexoses. The sixteen possible stereochemical formulas of the 
aldohexoses are given in the following table : 
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CH 20 H 
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1 

CHoO 

j 

I 

HCOH 

1 

HCOH 

HCOH 

HOCH 

j 

j 

HCOH 
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Formulas IX to XVI are mirror images of formulas I to VIII. 
We may, therefore, confine our attention to the first eight. 

By means of the cyanhydrin synthesis* the carbon chain 
in an aldose may be lengthened. Hydrocyanic acid forms an 
addition product with the aldehyde, thus introducing a new 
carbon atom, and at the same time rendering the carbon atom 
of the original aldehyde group asymmetric. The cyanhydrin 
thus formed is hydrolyzed to produce the corresponding acid. 
The 7- and 6-hydroxy acids form lactones which can be re- 
duced to aldehydes by treatment with sodium amalgam and 
dilute sulfuric acid. The presence of sulfuric acid prevents the 
neutralization of the carboxyl group and favors lactone forma- 
tion. Salts of these acids are not reduced to aldehydes. Free 
carboxylic acids that are not able to pass into the lactone form 
likewise resist the action of sodium amalgam. 

By the cyanhydrin synthesis arabinose is converted into a 
mixture of glucose and mannose : 
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Kiliani, Ber„ 18, 806G (1885) ; Md. 19, 221 (1886). 
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Glucose is, therefore, either IV or V, and mannose is the other 
member of this pair. 

Glucose and gulose, when oxidized, yield the same dicar- 
boxylic acid. Hence it is evident that a transposition of the 
aldehyde and primary alcohol groups in glucose would result 
in the formation of gulose. Transposing these groups in for« 
mula V would not change the structure of the molecule. The 
same transposition in IV would produce a different sugar. 
Formula IV, therefore, must be assigned to glucose, and V rep- 
resents the structime of mannose. 

Glucose and gulose yield the same dicarboxylic acid on oxi- 
dation. Gulose, therefore, has the structure represented by 
formula III. 

Idose and gulose :^neld the same osazone. This relationship 
indicates that they differ only in the asymmetry of the carbon 
next to the carbonyl group. We have proved that gulose has 
formula III ; hence idose has formula VIII. 

Galactose, an aldohexose obtained from the hydrolysis prod- 
ucts of milk sugar, jdelds optically inactive products when 
oxidized to a dicarboxylic acid or reduced to a hexahydric 
alcohol. Of the four structures, still unassigned only I and VII 
would be converted into inactive products by making the ter- 
minal groups alike. Galactose, therefore, is I or VII. 

By introducing an additional carbon atom into the galactose 
molecule by means of hydrocyanic acid, hydrolyzing the cyan- 
hydrin, and oxidizing this product, we obtain two active di- 
carboxylic acids (pentahydroxypimelic acids). Formula I gives 
rise to one active and one inactive product : 
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From VII two active products are obtained, as indicated below : 
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The galactose formula, therefore, is VII ; and since galactose 
and talose yield the same osazone, talose must have formula VI. 

By the cyanhydrin synthesis ribose yields two hexoses hav- 
ing formulas I and II. They are called allose and altrose 
respectively, Altrose and talose, when oxidized, yield the same 
dicarboxylic acid. Altrose, therefore, corresponds to formula 11, 
and allose is represented by formula 1. 

Assuming that formulas I to VIII represent the dextro- 
rotatory forms of the sugars, their mirror images (IX to XVI) 
must be assigned to the corresponding laevorotatory com- 
pounds. We shall not undertake to determine which formula 
in each pair actually belongs to the dextrorotatory compound. 

The ketoses are readily converted into derivatives of the 
aldoses. By identifying these derivatives of known structure, 
the configurations of the ketoses may be ascertained. For 
example, glucose and fructose yield the same osazone. The 
two sugars are alike in structure, therefore, with the exception 
of the grouping around the carbonyl carbon atom and one ad- 
jacent to it. In the aldose the carbonyl group is terminal. 
This, in connection with the fact that glucose and fructose 
yield identical osazones, proves that the carbonyl group in 
fructose is adjacent to the terminal carbon. With the glucose 
structure known, and the identity of the osazones of glucose 
and fructose established, the formula of fructose may be 
written as follows: 


THE CARBOHYDRATES 


CHoOH 

I 

HOCH 

HOCH 

! 

HGOH 

! 

HOCH 

i 

CHO 

d-Glueoae 


CHoOH 

I 

HCOH 

I 

HCOH 

i 

HOCH 

! 

HCOH 

i 

CHO 

Z-Glucose 


CH2OH 

i 

HOCH 

I 

HOCH 

i 

HCOH 

1 

C =0 

! 

CH2OH 

d-Pructose 


171 

CH2OH 

1 

HCOH 

1 

HCOH 

1 

HOCH 

I 

C =0 

! 

CH2OH 

Z-Fructose 


Sorbose, gulose, and idose yield the same osazone, indicat- 
ing that d-sorbose and i-sorbose must be represented by the 
structures 


CH2OH 

1 

HCOH 

! 

HOCH 

I 

HCOH 

G ==0 


and 


CH2OH 

! 

HOCH 

1 

HCOH 

1 

HOCH 

1 

c=-o 


CH20H CH20H 

Emil Fischer divided the simple sugars into two general 
classes: ( 1 ) tliGse possessing structures similar to the structure 
of dca-^roglucose and ( 2 ) those genetically related to Z^eyoglucose.-^' 
The first ^oup is refen’ed to as the d series, and the second is 
the I series. Two sugars are said to be genetically related if on 
oxidation they yield the same dibasic acid or if on treatment 
with phenylhydrazine they yield the same osazone, but these 
reactions are not the only criteria for placing a sugar in a 
particular series. Any compound is genetically related to its 
derivatives and to the compounds from which it can be made. 
Dextrose is a dextrorotatory aldose^ and Isevulose is a Isevo- 
rotatory ketose ; but they react with phenylhydrazine to form 
identical osazones. The structures of the two sugars are alike 
in so far as the asymmetric groups are concerned, and the 
official name of the Isevorotatory ketose is d-fructose. From 


* Fischer, Ber., 24, 1836, 2683 (1891) ; ibid., 27, 3208 (1894). 
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rf-glueose we obtain by oxidation d-gluconic acid and d-saccharie 
acid, and from 7-glueose we obtain, in the same way, ^-gluconic 
acid and Z-saccharic acid. In these names, cl and I have no 
reference to optical activity. They indicate structural relation- 
ships to d-glucose and Z-glucose respectively. 

It is unfortunate that the same symbols have been chosen to 
represent entirely different things. Many plans have been 
made to change this condition, but it is difficult to modify an 
established custom. Rosanoff proposed the use of the Greek 
letters h and X to designate the two series of sugars and their 
derivatives so that the English letters d and I could be used 
exclusively to indicate the optical properties of the compounds. 
According to his plan the sugar we now call d-fructose would be 
called Z-5-fructose, the I denoting laevorotation and the 5 indi- 
cating a structural relationship to dextroglucose. Others advise 
the use of the letters d and I to indicate structural relationships 
and the use of the words dextro and Is&w to indicate directions 
of optical rotation. 

Dextrose (d-ghicose or grape sugar), a colorless, crystalline 
sugar, is present in most fruits, either in the free state or as a 
constituent of polysaccharides. It is obtained with an equiva- 
lent amount of d-fructose when cane sugar is hydrolyzed. It is 
the ultimate hydrolysis product of starch and glycogen. It is 
made from corn starch by treatment with hot dilute hydro- 
chloric acid. Dextrose occurs in the blood, normally, to the 
extent of one tenth of one per cent. In persons suffering with 
diabetes the glucose content of the blood may be as high as 
1.2 per cent. The sugar crystallizes from water in hexagonal 
plates, containing one molecule of water and melting at 86®. ■ 
From alcohol it crystallizes in anhydrous needles, melting at 
146°. It is dextrorotatory ([or]z> = + 52.7°). The a and ^ forms 
of this sugar have been described (see page 154) . Dextrose re- 
duces Fehling’s solution, yielding a precipitate of cuprous oxide. 

Lsevulose (d-fructose or fruit sugar) occurs combined with 
d-glucose in cane and beet sugar, and exists in the free state 
mixed with glucose and other substances in honey. It is the 
sole product obtained when inulin, a starchlike polysaecharide 
found in many plants, is hydrolyzed. It crystallizes in rhombic 
needles, melting at 104°. It is laevorotatory ([a]z> — 93°). 

Like glucose, fructose has the empirical formula QjHjaOo. 
It yields a penta-acetyl derivative, an oxime, and an osazone. 


173 


THE CARBOHYDRATES 

The latter is identical with the product formed by the action 
of glucose on phenylhydrazine. Hence the structure of fructose 
differs from that of dextrose only in the orientation of groups 
attached to terminal and penultimate carbon atoms. Unlike 
glucose, it fails to yield an acid with the same carbon content 
when oxidized, but gives rise to two acids of lower molecular 
weight, namely, glycolic acid and trihydroxybutyric acid. It is 
therefore a ketone having the formula 


CH2OH • CHOH • CHOH • GHOH • CO • CH2OH. 


The ketoses, like the aldoses, exist primarily in the form of 
semiacetals. The semiaeetal may be formed through a reac- 
tion of the carbonyl gi’oup with a hydroxyl group on either the 
7- or the 5 -carbon atom, and the structure of the fructose 
molecule is represented by one of the following formulas : 

CHOH— CHOH 

HO— c/ 

I ^0 CH— CH2OH 

CH2OH 

T-Semiacetal (a furanose) 

CHOH— CHOH 
HO-c/ )CHOH 

I OO— CHa 

CH2OH 

fi-Semiaeotal (a pyranose) 

There is evidence to support the conclusion that fructose in 
the free state exists in the form of the six-membered ring 
{pyranose structure) but as a component of the cane sugar 
molecule it exists in the form of a five-membered ring {furanose 
structure). When sucrose is hydrolyzed the fructose half of the 
molecule changes from a five-membered ring to a six-membered 
ring. . . . . . .. . ■ ■■ 

d-Momnose, CoHtaOf;, is a constituent of a great variety of 
glucosides, but apparently does not exist in the free state as a 
natural product. It resembles glucose in general physical and 
chemical properties. With phenylhydrazine it yields a yellow 
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cl’ystalizne osazone, identical with the osazones from glucose 
and fructose. It is an aldose differing from d-glucose only in 
the orientation of the hydrogen and hydroxyl groups attached 
to the a-carbon atom (that is, the carbon atom next to the 
aldehyde group). Mannose is an amorphous, colorless solid. It 
dissolves readily in water. 

d-Galactose, C6H12O6, is obtained, with an equal amount of 
d-glucose, by hydrolyzing milk sugar. It is an aldohexose, 
dextrorotatory, and fermentable, under the influence of an 
enzyme occurring in some yeasts. Nitric acid converts it into 
mucic acid, COOH • (CHOH)4 • COOH. 

Galactose is produced in sugar beets under unfavorable con- 
ditions of growth. It combines with sucrose in the beet, form- 
ing a trisaccharide, raffinose. Drought, frost, or any other factor 
that disturbs the normal development of the plant increases 
the yield of raffinose. 

Galactose crystals melt at 168°. The sugar is' strongly dextro- 
rotatory ([0 !]j3 = + 81.5°). 

THE DISACCHARIDES 

The most important disaccharides have the empirical formula 
Ci2H220ii and yield hexoses when hydrolyzed : 

C12H22O11 + H2O CoHioOo + CoHisOe. 

The two hexose molecules may be alike or different. 

Sucrose, C12H22O11, commonly called cane sugar, is obtained 
from sugar beets and from cane. It is present in considerable 
quantities in the sap of many trees, including palms, birches, 
and the sugar maple. Flowers (the sources of honey) and ripe 
fruits are also natural repositories of this sugar. 

An enzyme, invertase, found in many yeasts and molds, 
catalyzes the hydrolysis of sucrose, the hydrolytic cleavage 
producing dextrose and laevulose in equal amounts. The equi- 
molecular mixture of dextrose and tevulose (derived from 
dextrorotatory cane sugar) is Isevorotatory, and on account of 
the change in the direction of rotation, the mixture is of ten called 
invert sugar. Dextrose and lasvulose are both fermentable, the 
change being induced by enzymes found in yeast : 

CeHiaOe 2 C2H5OH -f 2 CO2. 
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Sucrose does not respond to tests for the carbonyl group. 
The aldehyde group in glucose and the ketone group in fructose 
are altered in the establishment of the bond between these 
simple sugars in the sucrose molecule. Haworth has proposed 
the following formula for sucrose : 


CH 2 OH 



As shown in this formula the semiacetal rings are formed 
through carbon atoms 1 and 5 in the d-glucose unit and through 
carbon atoms 2 and 5 in the d-fructose half of the molecule. 
These positions were assigned by Haworth after the hydroxyl 
groups in sucrose had been methylated, the product hydrolyzed, 
and the structures of the methylated hydrolysis products had 
been established.* Hudson claims, however, that the ring 
structures in the sugars often change during the process of 
methyiation and that Haworth's method of determining the 
constitution of a disaccharide is unreliable. 

To emphasize the ring structures of the glucose and fructose 
components of the cane sugar molecule the formula may be 
written as follows ; 


/ 

HOCH 2 — G-H 


CHOH—CHOH 

\cHOH 

0 6e 0 - 

Sucrose 


^HOH— CHOH 


\ 


O- 


CH 


CH 2 OH CHoOH 


* Haworth, Hirst, and Miller, J. Ckem. Soc., 19219, 2469. For a different opinion 
concerning the structure of cane sugar see Hudson, J. Am. Chem. Soc., 52, 1707 
(1930). 
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Cane sugar is not oxidized by Fehling’s solution, and it fails 
to form an osazone when treated with phenylhydrazine. Sucrose 
is easily hydrolyzed by hot dilute acid solution but is not at- 
tacked by dilute alkalies. In this respect it resembles ordinary 
acetals. The specific rotation of cane sugar is + 66.5°. 

Sugar obtained from beets, when pure, is identical with pui’e 
cane sugar, and the commercial product from either source 
should contain less than 1 per cent of impurities. The foreign 
matter retained by sugar crystals varies in character with the 
source. It is possible, therefore, to distinguish between crude 
specimens of cane and beet sugar by identifsdng the impurities, 
but impossible to detect any difference between pure samples 
from the two sources. 

In the manufacture of sugar from beets care is exercised to 
avoid unnecessary rupturing of the cell walls. The beets are 
not crushed and pressed, but the sucrose is allowed to diffuse 
out of the cells of the plant tissue into water, leaving in the 
extracted pulp large quantities of less diffusible bitter sub- 
stances that would contaminate the product if the juice were 
expressed from the ground or crushed material. 

The beets are cleaned by scrubbing them in warm water. They are then 
conveyed to automatic scales, weighed, and transferred to the sheer, a mill 
provided with rotating blades that cut the beets in long, slender strips called 
cossettes. These are conveyed to the diffusion battery, which consists of 
twelve or more steel tanks (cells of the battery), each having a capacity of 
two or three tons of cossettes. A stream of hot water enters at the top of one 
tank, passes down through the pulp, and is forced up through a heating tube 
to the top of the second cell, and so on. The solution passes from one unit 
of the battery to another, finally emerging with a sugar content almost 
equal to that in the tissue fluids of freshly cut cossettes. The process is 
continuous. Fresh water is delivered to the tank that contains pulp, from 
which the sugar has been almost completely removed, and as it passes 
through the battery it encounters, in each succeeding cell, pulp that is 
richer in sugar until it finally passes through a tank containing cossettes 
just received from the sheer. There are always two cells of the battery 
out of the diffusion circuit. From one the waste pulp is being discharged, 
while the other is being filled with new material. The sugar solution 
as drawn from the diffusion battery is dark in color. It is clarified by 
the addition of milk of lime, Ca(OH) 2, and subsequent precipitation of 
the calcium as carbonate by treatment with carbon dioxide. Colloidal 
substances suspended in the aqueous extract are mechanically carried down 
with the precipitate and removed from the juice by filtration. Further 
purification is effected by treating the solution with sulfur dioxide and 
again filtering. To avoid hydrolysis of the sugar, complete neutralization 


THE CARBOHYDRATES 177 

of the calcium hydroxide by sulfurous acid is carefully avoided. The 
clarified juice is evaporated under reduced pressure, until the sugar crys- 
tallizes, and the mother liquor is then removed by means of centrifugal 
filters. The sugar is dried in rotating tubes, five or six feet in diameter 
and twenty feet long, through which it is made to travel against a counter- 
current of hot air. 

The sugar content of a solution is estimated by a determination of its 
optical rotation. Sucrose is strongly dextrorotatory ([«]/> = 66.5°). Opti- 
cally active proteins are present in the juice obtained from beets, and these 
have to be removed before the analysis is made. The proteins are precipi- 
tated and the solution is rendered optically clear by treatment with lead 
acetate. To estimate sucrose in the presence of glucose or any other monose, 
the optical rotation of the mixture is measured, and the solution is then boiled 
with hydrochloric acid to hydrolyze the disaccharide, and returned to the 
polarimeter for a second reading. From the change in the angle of rotation 
caused by substitution of invert sugar for sucrose, the quantity of the latter 
in the original mixture may be calculated. 

Maltose. Under the influence of an enzyme known as diastase, 
which is present in sprouting barley, starch is hydrolyzed to 
maltose; and maltose is hydro Iji^zed to glucose by an enzyme, 
maltase, found in most yeasts. Both of these ferments are 
present in the fluids of the alimentary canal. Ordinary yeast 
contains the enzymes necessary to cause the fermentation of 
maltose. The fermentation products are ethyl alcohol and 
carbon dioxide. Maltose crystallizes from alcohol in an an- 
hydrous form, and from aqueous solutions it crjrstallizes with 
one molecule of water. The needle-like crystals of the com- 
mercial product correspond to the formula Ci2H220ii * H2O. 
Maltose forms an osazone with phenylhydrazine and it reduces 
Fehling’s solution, indicating the presence of a carbonyl group. 
Only one aldehyde group is involved in the union of two glucose 
molecules when they combine to form maltose. The ordinary 
form of the sugar is represented by the following formula : 
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The group which is capable of functioning as an aldehyde group 
is marked with an asterisk. This formula represents the sugar 
as a glucoside. The labile hydrogen atom in one glucose 
molecule has been replaced by another glucose unit. We have 
already considered the methylglucosides — compounds formed 
from glucose by substituting a methyl group for the labile 
hydrogen atom. We found it possible to produce two stable 
methylglucosides corresponding in structures to the a- and 
jd-forms of the glucose molecule. Similarly it is possible to 
obtain a glucose-glucoside by substituting a glucose residue 
(instead of a methyl group) for the labile hydrogen atom in 
a-glucose or in / 3 -glocose. Maltose is a glucose-glucoside of 
this type. In ordinary maltose, which is obtained from grain, 
both hexose units are derived from a-d-glucose. The carbon 
atom marked by an asterisk is potentially aldehydic, and a re- 
versal of the positions of the hydrogen atom and the hydroxyl 
group on this carbon atom is possible. This possibility is realized, 
as is indicated by the fact that maltose displays mutarotation. 
Ordinary maltose is hydrolyzed by maltase and is not hydrolyzed 
by emulsin. It is therefore an a-glucoside (see page 157 ). 
Starch molecules consist of long chains of maltose units. 

Cellobiose, C12H22O11, is obtained from cellulose. Wood pulp 
and cotton are common sources of this sugar. Prolonged treat- 
ment with acetic anhydride and sulfuric acid converts cellulose 
into cellulose acetates which can be hydrolyzed to cellobiose. 
Emulsin acts upon cellobiose, converting it into glucose. The 
configuration of the cellobiose molecule (jS-form) is represented 
by the following formula : 



I [ I 

CH2OH H GH 


Gellobiose(/3-form) 

Lactose, C12H22O11, is obtained from milk. The fat is sepa- 
rated from milk for the manufacture of butter, and the casein 
is precipitated by an enzyme, rennet, and is used in making 
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cheese. Lactose, or milk sugar, remains in the whey, from 
which it may be obtained by evaporating the latter to a small 
volume. The crystals of lactose are hard and they dissolve 
slowly. The solution is dextrorotatory. Lactose is not as sweet 
as cane sugar. It forms an osazone and reduces Fehling's solu- 
tion and an ammoniacal silver solution. On hydrolysis lactose 
yields d-glucose and d-galactose. The /5-form of the sugar is 
present in milk. 



I I i 

CH2OH H OH 


/3-c2-Galaetose p-<f-Glucos6 

' V ' 

Lactose (|3-forin) 

The reducing group (free aldehyde group) in lactose is in the 
glucose half of the molecule. The position of the group is indi- 
cated by an asterisk. 

Lactose is used in the preparation of mucic acid, which is 
derived from the galactose half of the molecule by oxidation 
with nitric acid. 

An enzyme produced by the lactic acid bacillus converts 
lactose into a-hydroxypropionic acid, CH 3 • GHOH • COOH, 
commonly called lactic acid. This transformation, known as 
lactic fermentation, is the cause of the souring of milk. Ordi- 
nary yeast does not cause fermentation in a solution of lactose. 

POLYSACCHARIDES 

Starch, inulin, glycogen, and cellulose are typical polysac- 
charides. They are amorphous carbohydrates of high mo- 
lecular weight, and they are almost tasteless. On hydrolysis 
they ydeld hexoses. Although many members of this group are 
fairly soluble in water, they do not produce appreciable lower- 
ings in the vapor pressure of the solvent. It is impossible, 
therefore, to determine their molecular weights, but the values 
must be very high. A polysaccharide is composed of n hexose 
molecules less n — 1 molecules of water ; and if n is large, the 
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composition of the compound approaches the value expressed 
by the empirical formula (CeHioOo)^. 

Starch, (CeHioOs)^, is present in large quantities in all plants. 
It is especially abundant in potatoes and other tubers, and in 
wheat, corn, rice, and other cereals. It occurs in the form 
of granules, and each source of starch jdelds granules of charac- 
teristic form. By microscopic examination of starch it is often 
possible to determine its origin. 

When heated, starch is partly converted into polysaccharides 
of lower molecular weight, known as dextrins. When boiled 
with dilute acids, it is hydrolyzed to glucose. The enzyme 
diastase acts upon a suspension of starch in water, hydrolyzing 
the starch to maltose and isomaltose. In cold water starch is 
only slightly soluble. In hot water the granules swell, forming 
a paste. A highly dispersed suspension of starch particles (col- 
loidal solution) is obtained by boiling starch with water. Starch 
paste is used as an indicator for free iodine. A deep blue color 
is produced when starch absorbs iodine. 

Formaldehyde has been condensed to acrose, a sugar iso- 
meric with glucose, and since starch is a polymer of glucose, 
it has been suggested that starch is formed in plant tissue by 
a condensation of this type. Carbon dioxide taken into the 
plant through the leaves,; and water entering by way of the 
roots, furnish the components from which formaldehyde may 
be made : ECHO -h O2. 

The theory that formaldehyde is formed in the plant as the 
starting point in the synthesis of starches and sugars was first 
advanced by Baeyer.* The theory has been supported by 
many investigators.! In the absence of a catalyst formaldehyde 
is not obtained when carbon dioxide and water are exposed to 
sunlight or ultraviolet light.! In the presence of certain con- 
tact agents the photochemical reduction of carbon dioxide oc- 
curs, but the mechanism of the reaction is still obscure.§ There 
is no positive proof that formaldehyde is actually an inter- 
mediate in the synthesis of starch in plants. 

* Baeyer, Per., 3 , 63 (1870). , 

tUisher and Priestly, P/oc, Boy, Soc., 84, B, 101 (1911). Baly, Heilbron, and 
Barker, Prans. Chem. Soc., 119, 1025 (1921). Moore and Webster, Proc.Roy.Soc., 
90, B, 168 (1918), 

t Porter and Ramsperger, J, Am. Chem. Soc., 47, 79 (1925). 

§ Baly and Davies, Proc. Roy. Soc.., 116, 219 (1927). 
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Glycogen, (CoHioOs)^, a white amorphous substance, con- 
stitutes the reserve supply of carbohydrate in the animal 
organism-. It occurs primarily in the liver, but is present also 
in all muscular tissue. The energy change involved in the 
oxidation of carbohydrates contributes largely to the main- 
tenance of the body temperature and to the development of 
muscular acti\dty. Glycogen is hydrolyzed to glucose as rapidly 
as the latter disappears from the blood. After a meal rich in 
carbohydrates, glucose reaches the blood stream more rapidly 
than it is required in the oxidation processes of the tissues; 
and by a reversal of the hydrolysis process it is converted 
into glycogen, which is stored in the liver and elsewhere. 

Inulin, (C0H10O5),,, resembles starch in many respects, but 
differs from it in being fairly soluble in water and in producing 
no color with iodine. Inulin is found in many plants. Arti- 
chokes, dahlia tubers, and chicory roots are especially pro- 
ductive of this polysaccharide. It is hydrolyzed very rapidly 
when boiled with a dilute acid and >deids d-fructose only. 

Cellulose constitutes the principal building material of the 
cell walls in plants. It is associated with lignin, a compound 
of unknown structure found in the bark and wood of all trees. 
Cotton, linen, and paper are composed of cellulose. On hy- 
drolysis the cellulose derived from nearly all plants yields cel- 
lobiose, a disaccharide similar to maltose. This, in turn, is 
converted into glucose. Cellulose derived from coffee beans 
and from a few other sources yields d-mannose. Cellulose is 
of gi’eat technical importance. The uses of cotton, linen, and 
paper are almost numberless, and in addition to its uses in an 
unaltered state it is the source of such preparations as nitro- 
cellulose, guncotton, collodion, and artificial silk. 

Rayon. Several commercial processes have been developed 
for the manufacture of rayon, or artificial silk. In the viscose 
process cotton or wood pulp is warmed wnth a concentrated 
solution of sodium hydroxide to form a compound (or a mixture 
of several compounds) known as alkali cellulose. This prod- 
uct is converted into sodium cellulose xanthate, or viscose, by 
treatment with carbon disulfide. Viscose is an amber-colored 
transparent substance. After proper aging it is forced through 
fine holes into an acid solution, and cellulose xanthic acid is 
produced in the form of fine threads. This loses carbon disul- 
fide, regenerating cellulose without change in form. 



ENZYMES 


A chemical substance derived from a living cell and capable 
of changing the rate of a chemical reaction by contact with the 
reagents is called an enzjnne. The enzyme itself is not destroyed 
in the reaction which it accelerates. It is an organic catalyst. 
In displaying more or less specificity of action enzymes differ, 
in degree at least, from inorganic catalysts. For example, an 
enzyme that causes the fermentation of d-glucose will not pro- 
duce a similar change in the isomeric l-ghieose. This fact led 
Fischer to assume that there must be a definite relationship 
between the molecular structure of the enzyme and that of the 
substance upon which it acts. He made the idea more definite 
by comparing the substrate to a lock and the enzyme that acts 
upon it to a key that has the proper configuration to turn the 
lock. Bayliss thinks this analogy has been overworked and 
claims that not all enzjunes are specific in their catalytic effects. 

Enzymes act only at moderate temperatures. At zero they 
are inactive, but the activity is restored when the solution 
is warmed. They are permanently destroyed by temperatures 
approaching 100° C. 

One of the first cases of enzyme action to be carefully studied 
was that of the production of alcohol from sugar, through fer- 
mentation induced by yeast. Pasteur believed that fermenta- 
tion was a result of physiological processes in the living yeast cell. 
He assumed that sugar was a food for the living organism and 
alcohol a product of carbohydrate metabolism within the cell. 
The production of alcohol was due, therefore, to certain biologi- 
cal functions of living microorganisms. This theory of fermen- 
tation was accepted until Buchner’s classical experiment (1897) 
indicated a different cause for the process. Buchner tritu- 
rated yeast with sand until all cell walls were ruptured. He 
extracted the mass with water and forced the solution through 
an unglazed porcelain filter. The filtrate was an optically clear 
solution containing no Imng cells. Incubation under optimum 
conditions of temperature and nutriment produced no sign 
of life. Yet this sterile solution of substances extracted from 
the living cells was found to be as potent as the yeast plant 
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itself in causing alcoholic fermentation of glucose. The decom- 
position of glucose into alcohol and carbon dioxide is accom- 
plished under the influence of an unorganized ferment — a 
chemical compound — derived from the yeast cells. Buchner 
called this substance zymase. It is a typical enzyme. Yeast 
produces another enzyme, invertase, which catalyzes the hy- 
drolysis of cane sugar. Zymase operates only on the invert 
sugar (d-glucose and d-fructose). 

If it were not removed from the field of action, a very small 
quantity of an enzyme would be sufficient to change an unlim- 
ited amount of the substrate. Loss of a catalyst may be due 
to side reactions in which it is directly involved as a reagent, 
or the catalyst may be mechanically carried out of the mixture 
by adsorption on the surfaces of products formed in the main 
reaction. Invertase in a solution of cane sugar remains active 
until more than 200,000 times its own weight of sucrose has 
been hydrolyzed, and rennet is said to precipitate from milk 
as much as 400,000 times its weight of casein. 

There are obstacles in the way of securing unambiguous re- 
sults in the study of enzyme action. For example, we cannot 
be sure that anyone has succeeded, as yet, in isolating a 
chemically pure specimen of an enzyme. The ordinary criteria 
of purity cannot be applied to enzymes. They do not crys- 
tallize and they decompose below their melting points. Their 
molecular weights are unknown, for, like other colloids, they 
produce very slight depressions of freezing points and very 
low osmotic pressures, these values being very little greater 
than the effects that might be attributed to impurities in the 
samples. Pepsin and trypsin are typical protein-splitting en- 
zymes of the alimentary tract. They respond to the ordinary 
tests for proteins, but the observed protein reactions may be 
due to adsorbed foreign substances. Similarly, invertase, an 
enzyme that acts upon sucrose, responds to tests for carbo- 
hydrates; but that does not justify the conclusion that pure 
invertase is itself a carbohydrate. Attempts to purify an en- 
zyme often result in reducing its activity as a catalyst. This 
may be due to removal of a co-enzyme — a substance that 
works with the enzyme or establishes optimum conditions for 
its active operation. Pepsin, for instance, is inactiv’-e in the 
absence of hydrochloric acid; and the fat-splitting enzyme, 
lipase, of the liver is active only in the presence of bile. 
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Enzymes are obtained from many sources. Some are found 
in solution in the body fluids ; as, for example, ptyalin in saliva, 
pepsin in gastric juice, and trypsin in pancreatic juice. Others 
have to be extracted with water or any suitable solvent from 
ground cells. Invertase and zymase are obtained from yeast 
in this way, and erepsin is extracted from the mucous lining of 
the intestine. 

A few of the best-known enzymes are listed below with a 
tabulation of sources, the substrates upon whicli they act, and 
the products of the reactions. 



Maltase 


Invertase 


Aclenase 

Emulsin 

Steapsin 


Renniri . 
Thrombin 


Sources 

Substrates 

Products 

Saliva 

Starch, dextrin . . . 

Maltose 

Pancreatic juice . . . 

Starch, dextrin . . . 

Maltose 

Liver, muscles .... 

Glycogen 

Dextrin, malt- 
ose. glucose 

Fungi 

Tnulin 

Fructose 

Intestinal mucosa . . . 

Lactose . 

Glucose and ga- 
lactose 

Blood serum, liver, sa- 
liva, pancreas, lymph 

a-Glucosides .... 

Glucose and 

other products 

Intestinal mucosa, yeast 

Sucrose, glucosides . . 

Glucose, fruc- 
tose 

Yeast 

Sugars ....... 

Alcohol and car- 
bon dioxide 

Animal tissues .... 

Adenine ...... 

IIy})oxanthine 

Plant ti.ssuos 

j!i/-Gluer>sidos .... 

Gluco.se, etc. 

Pancreatic juice . , . 

Pats 

Glycerol and 
fatty acids 

Sjwcks cnfericus . . . 

Poly pept ides, peptones 

Amino acids 

Gastric juice, pancreas . 

Casein . . . . ... 

Paracasein 

Blood 

Fibrinogen 

Fibrin 

G astric juice 

Proteins 

Peptones 

Pancreatic juice . . . 

Proteins ...... 

Peptones, poly- 
peptides, am- 
ino acids 











AROMATIC COMPOUNDS 

HYDROCARBONS 

The compounds of the aliphatic series considered in the pre- 
ceding chapters were regarded as derivatives of methane. In 
most cases these compounds were represented as having con- 
tinuous open chains of carbon atoms. Hydrocarbons having 
the formula GaH 2 n 4.2 and their derivatives were called satu- 
rated compounds ; those corresponding to the formulas C„H 2 n, 
C„H 2 k- 2 , and CftH 2„_4 were said to be unsaturated. The aro- 
matic group comprises the derivatives of benzene and some 
other cyclic compounds. Benzene is the first member of a 
series of hydrocarbons corresponding to the general formula 
C„H 2 ,i-g, but it does not act like a highly iinsaturated com- 
pound. Its six carbon atoms form a closed chain or ring, and 
this cyclic^ structure imparts to the molecule properties that 
would not be predicted from a consideration of the empirical 
formula alone. 

Benzene. Pure benzene is an optically clear, colorless liquid 
boiling at 80.4° C. and freezing at 5.4°. It has a density of 
0.8799 g. per cubic centimeter at 20° C. It is practically in- 
soluble in water, but dissolves in all proportions in alcohol 
and in ether. Benzene burns with a luminous, smoky flame, 
and on account of its high vapor pressure readily forms explo- 
sive mixtures with air. It is an excellent solvent for fats, waxes, 
and resins. Hundreds of important compounds, including the 
valuable aniline dyes and high explosives like picric acid and 
trinitrotoluene, are derived from benzene. 

The main commercial source of benzene is coal tar. When 
coal is distilled (that is, heated out of contact with air), a 
variety of gaseous, liquid, and viscous tarry products are ex- 
pelled. A solid residue of coke remains in the retort. The 
process is one of great industrial value, for coal gas is used in 
enormous quantities for heating and lighting purposes, while 
the smelters, and many other concerns operating large furnaces, 
are dependent upon coke for fuel. 
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The coal gas is separated from the liquids and tar by means 
of condensers, and after being freed from ammonia and hy- 
drogen sulfide by washing with water it is conveyed to storage 
tanks connected with the gas mains of the city. It consists 
of hydrogen (45 to 50 per cent), methane (30 to 40 per cent), 
carbon monoxide (6 to 10 per cent), and small quantities of 
carbon dioxide, nitrogen, acetylene, benzene, and ethylene. 

The liquid distillate separates into two layers. The upper 
layer consists of an aqueous solution of ammonia, ammonium 
carbonate, ammonium hydrosulfide, pyridine, and some other 
compounds. This is an important commercial source of ammo- 
nia and all ammonium salts. The lower layer consists of a heavy, 
dark, oily, or viscous mass known as coal tar. The tar, at one 
time discarded as a worthless by-product, is now prized as a val- 
uable source of many aromatic compounds. A partial separation 
of its components is accomplished by fractional distillation. In 
the preliminary treatment it is cut into five fractions, as follows : 

1. Light oil, 80“ to 170° 3. Heavy oil, 230° to 270° 

2. Middle oil, 170° to 230° 4. Anthracene oil, above 270° 

6. Pitch, a semisolid residue 

Each fraction is then redistilled from smaller retorts or ex- 
tracted with various solvents to complete the separation. 

CONSTITUTION OF BENZENE 

An analysis of benzene indicates that it consists of carbon, 
92.31 per cent, and hydrogen, 7.69 per cent. The simplest 
formula that represents these values is GH. The molecular 
weight of benzene is 78 and its molecular formula is therefore 
CeHo. The saturated aliphatic hydrocarbon (hexane) having 
six carbon atoms has the formula GoHm. From a considera- 
tion of the empirical formula, GeHe, one would conclude that 
benzene must be a highly unsaturated compound,- but as a 
matter of fact, it acts more like a saturated hydrocarbon. Un- 
like the members of the acetylene series, benzene is oxidized 
with great difficulty. Halogen acids, cold sulfuric acid, and 
concentrated alkalies do not affect it, and powerful oxidizing 
agents, such as hot chromic acid and potassium permanganate 
solutions, convert it very slowly into carbon dioxide, water, 
and other products. The free halogens, chlorine and bromine, 
react with benzene, forming either substitution products, as 
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with satiirated hydrocarbons, or addition products. The abil- 
ity to form addition products reveals the fact that benzene 
is actually unsaturated, although its inertness is a property not 
shared by the imsaturated compounds of the aliphatic series. 

Dipropargyl, CoHa, a liquid boiling at 85“ and isomeric with benzene, is 
prepared by a method which indicates that it has the following formula: 
CH ; C ■ CH 2 ' CHs ' C i CH. Its properties are in strict harmony with 
this structure. It is highly reactive, easily oxidized, forms addition prod- 
ucts with halogens and with halogen acids, and yields metallic derivatives 
with silver and copper salts. Since benzene is fundamentally different, it 
cannot be represented by a structure similar to that assigned to dipropargyl. 

A study of the substitution products of benzene led to the 
conclusion that its structure must be represented as a closed 
chain or ring. Some of the evidences in support of this struc- 
ture will be presented here, and corroborating evidence will be 
found in the chapters that follow. 

1. There are no isomeric monosubstitution products of ben- 
zene. Only one bromobenzene, for example, is known. This is 
not due to a unique position in the molecule of a single hydro- 
gen atom, making substitution take place in one position only, 
for all the hydrogen atoms in benzene are replaceable by the 
same reagent. Only one conclusion can be drawn from this fact, 
namely, the six hydrogen atoms in the benzene molecule are 
similarly placed. In other words, the molecule has a symmet- 
rical structure, with the hydrogen atoms uniformly and equally 
distributed. This implies the necessity of having one and 
only one hydrogen atom attached to each carbon atom. 

2. There are three isomeric disubstitution products of ben- 
zene, whether the substituents are alike or different. 

3. There are three trisubstitution products of benzene if the 
substituents are alike; six if two are alike and one different; 
ten isomers if the three substituents are all different. 

In 1864 Kekuld proposed the following structure to account 
for the properties enumerated in the last three paragraphs : 

H 

11 

CH 
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The benzene molecule is thus represented as a S 3 nnmetrical 
ring or hexagon, with the carbon atoms all alike with respect 
to positions within the ring, and the hydrogen atoms all simi- 
larly located. To determine whether this formula accounts for 
the substitution products of benzene, let us economize space by 


wilting a hexagon for the formula. 


The symbol ^ will 


be understood to mean CoHo, the six carbon and six hydrogen 
atoms being combined as indicated in the KekuM formula. 


Similarly c;;' NBr will stand for CoHsBr, a substitution prod- 




uct derived from benzene by replacing one hydrogen atom by 
a bromine atom. Using the letter X to represent any atom or 
radical, we may represent the three disubstitution products of 
benzene by the following formulas : 



The relative positions of the substituents in formulas I, II, 
and III are known as ortho, meta, and respectively. We 
specify the positions of atoms or groups in the ring as follows : 


Br Br Br 



0>-i/iodibromobenzene ikfetodibromobenzene Parachlorobromobenzene 


Obviously it is immaterial whether the two substituents are 
alike or different ; the possible number of isomers remains the 
same in either case. 

The three possible trisubstitution products, if the substitu- 
ents are all alike, are represented as follows : 


X 


X 


X 
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The ring structure accounts for six trisubstitution products 
if two of the substituents are alike : 







The formula accounts also for the existence of ten isomeric 
products if the three substituents are different : 










The agreement between the known number of isomers and 
the number that would be predicted on the basis of a ring struc- 
ture gave strong support to the views expressed by Kekule. 
Not all the possible compounds have actually been prepared, 
but in no instance has the ring structure been inadequate 
to account for known derivatives of benzene. But Kekule’s 
formula is not entirely satisfactory. This structure should 
give rise to isomeric ortho disubstitution products ; for in one 
case the entering atoms or radicals might attach to carbon 
atoms held together by a single bond, and in the other case 
to carbon atoms held by a double bond. Thus there should be 
two or^/iodichlorobenzenes : 


H 

HC/ '^CCl 

II i 

HC^^^CCl 

H 


H 

\CC] 

I II 

H 


and 
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No such isomers exist, or, at any rate, no substantial chemical 
evidence of their existence has been found up to the present 
time.* Kekuld met this objection with the assumption that the 
double bonds are constantly shifting positions. He maintained 
that the formula as written above represents a dynamic rather 
than a static relationship between the atoms. Half the mole- 
cules of ori/^odichlorobenzene coiTespond to formula I and half 
to formula II, or, in other words, any particular molecule is 
in the condition represented by formula I half of the time and 
in the other form half of the time. This ingenious explanation 
has never fully satisfied chemists, and many new formulas for 
benzene have been proposed since Kekule’s time. A few of these 
inventions deserve consideration. 

A structure proposed by Armstrong and independently by 
Baeyer is often called the -'centric'’ formula. In this arrange- 
ment one valence bond of each carbon atom is extended toward 
the center of the ring. The fourth valence of each carbon 
atom belongs as much to one as to any other carbon atom in 
the ring, the six tetrahedral carbon atoms being arranged in 
such a way as to throw the fourth, or unoccupied, point of each 
tetrahedron toward the center of the group. 

H 

HC< 1 >CH 


HC<Ty3H 

H • 

If each carbon atom were independently unsaturated, having 
one free bond, as indicated in the centric formula, it should be 
possible to introduce a single halogen or other univalent group, 
forming a compound of the type GeHeX. This Is ^n the case. 
Invariably the addition products formed belong to the tyi^es 
C(jH 6X2, CeHeX.!, and CeHoXe. The centric formula does af- 
ford an explanation of the fact that it is much more difficult 
to bring about the addition of the first pair of elements than it 
is to introduce the second and third pairs. If the inactivity 
of the free yalenees is due to their symmetrical arrangement, 

*For properties that have led some chemists to believe that such isomers exist 
see Ostromisslensky, Z. -physik, Chem., 57, 341 (1906). 
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then as soon as two of the bonds have been withdrawn from the 
central group the symmetry has been destroyed and the re- 
maining bonds are less firmly held in place. 

Arguments have been made in support of each of the follow- 
ing structures and there are objections to each : 



Claus Ladenburg Thiele 


Thiele’s formula is perhaps the best of the group. The 
dotted lines represent partial valences. They are unreactive, 
for the formula as a whole is an example of what is Imown as 
a conjugated system. The merits and limitations of this struc- 
ture are discussed under conjugation and resonance. 

The Ladenburg formula represents the benzene molecule as 
a triangular prism. This formula provides for the formation 
of addition products, but only by breaking a single bond be- 
tween carbon atoms. The number of isomeric forms of poly- 
substitution products is as well accounted for as by the Kekuld, 
Baeyer, and Thiele formulas. From the number of trisubstitu- 
tion products that may be derived from a given disubstitution 
product it is possible to determine which positions in the 
Ladenburg formula correspond to the or^^o, mcto, and para 
positions of the KekuM formula. For reference the correspond- 
ing positions are numbered in the following dia^ams : 



It should be possible to secure stereoisomerie disubstitution 
products of benzene if the hydrocarbon corresponds to the 
Ladenburg formula, but ho such isomerism has been observed . * 

*For other objections to this structoe and for a more complete discussion of 
all these formulas, see Stewart’s "Stereochemistry." 
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On the basis of the Kekule formula, the arrangement of the 
atoms in space is shown in the following diagTam : 



The centers of the six carbon atoms lie in one plane. No case 
of optical activity has yet been traced to asymmetry in the 
benzene nucleus. This, of course, does not exclude from con- 
sideration space formulas that present such possibilities ; for 
stereoisomers may exist which we cannot separate or detect by 
methods now at our command. 

The simple hexagon, will be used throughout this 

text as an abbreviation for the structural formula of benzene. 
The univalent phenyl radical, CoHs^ — , derived from benzene 
by loss of one hydrogen atom, will be written CoHs— or repre- 


sented by the symbol ^ — or by the Greek letter (f>. 

Thus, bromobenzene will be written CeH^Br, ^ Br, or 
<?!>Br ; and benzene itself will be written CgHs, or <^H, 


Radicals derived from the aromatic hydrocarbons are desig- 
nated radicals. 


HOMOLOGUES OF BEN2ENE 

By direct or indirect means, the hydrogen atoms in benzene 
may be replaced by alkyl or aryl radicals, and thus various 
types of hydrocarbons genetically related to benzene may be 
prepared.,' .. ' . ■ ■ 

An alkyl radical or other group attached to the benzene ring 
in the place of hydrogen is referred to as a side chain, and the 
benzene residue is called the nucleus of the molecule. A side 
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chain may consist of an aliphatic group, as in toluene, CeHs • CH3, 
or it may be exclusively aromatic in character, as in biphenyl' 
CeHs • CeHs, or it may be composed of an aliphatic group in 
which hydrogen has been replaced by aryl radicals, as in tri- 
phenylmethane, _ 

CeHs-CHY 

^CsHs 

The following general methods are employed in the synthesis 
of liomologues of benzene : 

1 . The Fittig synthesis. A reaction coiresponding to the 
Wurtz synthesis consists of treating a mixture of an aryl halide 
and an alkyl halide with sodium. Thus bromobenzene and 
ethyl bromide yield ethylbenzene: 

" X ^ Br + C2Hr,Br + 2 Na — >- ^ C2H5 -f* 2 NaBr. 

Mixed products are obtained in this reaction, for ethyl radicals 
unite, forming butane, C2H5 • C2H5, and phenyl radicals com- 
bine to form biphenyl, 

2 . The Friedel and Crafts reaction. Homologues of benzene 
may be made by tlie action of an alkyl halide on an aromatic 
hydrocarbon in the presence of dry aluminum chloride : 

GiHa + CHsBr CyHoCH^ + HBr. 

Bonzene Methyl Toluene 

bromide 

This is an important general reaction. The aluminum chloride 
is regarded as a catalyst, although in some cases it is necessary 
to use as many moles of AICI3 as there are moles of the reacting 
hydrocarbon, and in many cases there is evidence of the for- 
mation of an intermediate product containing the aromatic 
nucleus combined with aluminum and chlorine. 

3 . Distillation of a salt. Dry distillation of a mixture of a 
base and a salt of an acid results in the destruction of the 
carboxyl gi’oup and the formation of a hydrocarbon : 

CHs ■ C0H4 • COONa + NaOH CH3 • CMb + NasCOs. 

Sodium toluate Toluene; 

(C(Ji5COO)2Ca + Ca(OH)2 — > 2 CoHg + 2 CaCOa. 

Calcium benzoate Benzene 
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4. A mixture of an aromatic hydrocarbon and an alcohol, if 
heated (300®) with zinc chloride in a sealed tube, yields a higher 
hydrocarbon and water : 

C6H6+C4H9OH C6H5C4H9+H2O. 

Physical constants of a few of the homologues of benzene 
are given in the following table : 


Toluene, GeHsCHs, a mobile, colorless liquid, is obtained from 
coal tar by distillation, or it may be prepared synthetically by 
some of the methods given above. It is the source of the high 
explosive trinitrotoluene and of many useful reagents such as 
benzyl chloride, benzaldehyde, and benzoic acid. 

Xylenes. The three xylenes occur in coal tar. They are 
represented by the following formulas : 

CHg CH3 CHs 

0“' Uh. 0 


Orthoxylma iVfefaxylene Parnxylcne 

(m.p. -27.1°, b.p. 144°) (m.p. - 53.0°, b.p. 139°) (m.p. 13.2°, b.p. 138°) 

The ortho and para xylenes are oxidized by hot dilute nitric 

/CHs 

acid to the corresponding toluic acids, CgH 4 <; , The 

^COOH 

oxidation of metoxylene by dilute nitric acid proceeds so slowly 
that it is possible to separate metoxylene from its isomers in 


Name 

Formula 

Melting 

Point 

Boiling 

Point 

Specific 

Gravity 

Toluene ....... 

C 0 H 5 CH 3 

-95.1° 

110.5° 

0.866 (20°) 

Xylene (o) 

C6H4(CH3)2 

-27.1° 

144° 

0.893 (0°) 

Xylene (m) . . . . . 

C6H4{CHs)2 

- 53.6° 

139° 

0.881 (0°) 

Xylene (p) . . . ... 

C6H4(CH.s)2 

+ 13.2° 

138° 

0.861 (20°) 

Hemimellitene .... 

CaH3(CH.3).3 1, 2, 8 

— 

176.5° 

0.895 (20°) 

Pseudocumene . . . . 

C6H3(CH3)3l.2,4 

- 61° 

169.8° 

0.879 (20°) 

Mesitylene ...... 

CeHsCCHala 1, 3, 5 

~ 52.7° 

164.5° 

0.869 (10°) 

Ethylbenzene ..... 

C 6 H 5 C 2 H 5 

- 92.8° 

134° 

0.883 (0°) 

Cumene 

CeHsCaHr (iso) 

— 

153.4° 

0.879 (0°) 

Propylbenzene .... 

CoHsCsHt (n) 

-101.6° 

157.5° 

0.881 (0°) 

Cymene . 

C 6 H 4 CH 3 C. 3 H 7 1, 4 

- 78.5° 

176° 

0.872 (0°) 

Pentamethylbenzene . 

CeHCCHals 

+ 58° 

230° 

0.847 (107°) 

Hexaraethylbenzene . . 

CeCCHslo 

166° 

265° 

— ■ 

Hexaethylbenzene . . . 

C8(C2H5)r, 

129° 

298° 

0.831 (130°) 
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this way. It is not practical to separate them by distillation. 
The isolation of each of the three xylenes from the mixtui'e ob- 
tained from coal tar is accomplished by shaking the mixture 
with concentrated sulfuric acid. Ortho and meta xylenes are 

GH3\ 

converted into xylene sulfonic acids, pCoHaSOsH, and 

CH 3 / 

pamxjlme is unchanged. The sodium salts of the or^/^o and 
neta xylene sulfonic acids are separated by fractional crystalli- 
zation, and the free hydrocarbons are obtained by hydrolyzing 
the salts with hot hydrochloric acid or by boiling them with a 
solution of ammonium chloride. 

p-Cymene, CH 3 C 0 H 4 C 3 H 7 , is found in lemon oil, eucalyptus 
oil, and in many other essential oils. It may be made by heat- 
ing camphor with phosphorus pentoxide. 

Mesitijlene, (CHidsCeHs, is prepared by mixing acetone and 
concentrated sulfuric acid and distilling the mixture several 
hours later. The reaction consists of a condensation of three 
molecules of acetone, with loss of water : 

CHs 

H 2 SO 4 

SGH3COCH3 :■ — 

Mesityleiie . 

Diphenyl, CoHsCfjHs (m.p. 69°, b.p. 254.9°), crystallizes from 
hot alcohol in large colorless plates. It is formed by passing 
benzene vapor through a red-hot tube; this is the best labora- 
tory method for making it:* 

YCeHe— ^CeHsCeHs + Hs. 

Sodium acts on bromobenzene in ether, producing diphenyl : 

2 CoI-IsBr + 2 Na — CgHsCgHo + 2 NaBr. 

The positions of the carbon atoms in diphenyl are numbered 
as follows ; 


Bromine and chlorine form substitution products with diphenyl, 
the first halogen atom entering the molecule in position 4 (or 4')* 

* Fischer, Anleitung zur Darstellung orgauiseher Praparate. 



CH 3 I JCHs 


+ 3H2O. 
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On further treatment, a 4, 4'-dihalogen substitution prod- 
uct is formed. Nitric acid converts the hydrocarbon into 
2-nitrobiphenyl, 4-nitrobiphenyl, 2, 4'-dinitrobiphenyl, and 
4, 4'-dinitrobiphenyl. Chromic acid removes one of the rings, 
as it would an aliphatic side chain, the principal product formed 

being benzoic acid, ^CQQH. 

Dwhenylmethmey iC&B. 5 ) 2 C'Rz (m.p. 27°, b.p. 262°), is pre- 
pared by the action of aluminum chloride on a mixture of ben- 
zene and benzyl chloride : 

A iQi 

CeHsCHsCl-bCoHs 4 CeHsCHsCoHs + HCL 

Diphenylmethane is easily oxidized by chromic acid to benzo- 
phenone, CgHsGOGgHs. At high temperatures the vapor of 
diphenylmethane is decomposed, yielding fluorene and hydrogen : 


CgH 

CgH 




C6H4S 

CgH/ 


UHs + Ha. 


Fluorene melts at 116°, boils at 295°, and forms beautiful fluores- 
cent crystals. On oxidation fluorene yields diphenylene ketone, 
C 0 H 4 V 

j bCO, a compound produced also by distilling the calcium 
CgH4^ 

salt of diphenic acid : 

CoH4COO\ CgH-k 

I >Ca — I >G04- CaCOs. 

CGHiCOO"^^ GgH/ 

Fluorene is oxidized by lead dioxide at 380°, forming a bright 
red, solid hydrocarbon, dibiphenylene eth 3 dene (m.p. 188°) : 

CgH 4\ PbOo C6H4\ /CoH.4 

2 I >CH2 — ^ ! >C=-C< i 

CgH4^ CgH4^ ^CgIU 

Triphenylmethayie, (CgHgIsCH (m.p. 93°, b.p. 359°), is ob- 
tained from chloroform and benzene by Friedel and Crafts' 
reaction: 

AlCH 

CHCU + SCgHg ? CH(CGHr,)3-f 3HC1. 


The hydrocarbon is oxidized by lead dioxide or other mild 
oxidizing agents to triphenyl carbinol, (CoIisViCOH, a colorless 
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crystalline body, melting at 162.5“. The hydroxyl of the carbinol 
is, in turn, easily replaced by chlorine through the agency of 
acetyl chloride or even by hydrogen chloride, and the chloride 
reverts spontaneously to the carbinol if exposed to moist air. 

TetrapJmiylmethane, (C 6 H 5 ) 4 C (m.p. 285“, b.p. 431°), a col- 
orless, crystalline hydrocarbon, insoluble in alcohol, ether, 
and cold acetic acid, but fairly soluble in hot benzene, may be 
prepared through the action of phenyl magnesium bromide on 
triphenylmethyl bromide (Grignard reaction) : 

(C 6 H 5 ) 3 CBr -f CeHsMgBr (C6H5)4C + MgBra* 

The jdeld is only 5 per cent to 10 per cent of the theoretical. 
Many unsuccessful attempts to prepare this compound were 
made during the last half of the nineteenth century. The 
synthesis was finally accomplished by Gomberg* through the 
action of phenyl hydrazine on triphenylbromomethane : 

(CeHslsCBr-b HaN-NH— CcHs 

— > (GWslsC-NH-NH— CcHs + HBr. 

This crystalline product, triphenylmethylhydrazobenzene 
(m.p. 137°), when dissolved in ether, absorbs oxygen from the 
air, forming triphenylmethylazobenzene, a crystalline com- 
pound melting at 114° and having the formula 

(CoH5)3C-N=N-C6H5. 

The latter decomposes between 120° and 130° into nitrogen 
and tetraphenjdmethane. 

Tetrapheyiylethylene (m.p. 221°, b.p. 425°) is a representative 
aromatic unsaturated hydrocarbon. It is prepared by heating 
benzophenone chloride f with diphenylmethane : 

(C6H5)2CCl2+ (C6 Ho) 2CH2 — >• (C6H5)2C=C(C6H5)2 + 2 HCl. 

Unlike most unsaturated compounds, this hydrocarbon does 
not form an addition product with bromine nor with halogen 
acids. Chlorine, however, does react with it by addition. 

* Gomberg, ft;/-., 30, 2043 (1897), 

t Btinxophenone (m.p. 48.5°, b.p. 305°) is made, by Friedel and Crafts’ reaction, 
from benzoyl chloride and benzene ; 

CfJ-nCOCI + CeHc (+ AlCls) — >• CeHs • CO • CoHs -I- HCl. 

Phosphorus pcntachloride converts this ketone into benzophenone chloride, 
Com • CCh • CeHs. 
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Phenylacetylene (b.p. 143°) is made by the removal of hy- 
drogen chloride from acetophenone chloride, through the agency 
of alcoholic potash : 

CeHs-CCU-CHs + 2 C2H5OK 

^ CfiHs-C^CH -f- 2 KCl + 2 C2H5OH. 

This compound acts like other acetylene derivatives, forming 
addition products readily, and precipitating compounds of silver 
and copper from ammoniacal solutions of salts of these metals. 

Oxidation of side chains. Chromic acid, nitric acid, hot 
acid or alkaline solutions of permanganates, and some other 
oxidizing agents convert side chains into carboxyl gi'oups. Re- 
gardless of the length or structure of the side chain, it is re- 
moved in the form of carbon dioxide and water, or other 
compounds of low molecular weight, leaving only the car- 
bon atom which is attached directly to the nucleus, this car- 
bon remaining as part of a carboxyl group. Thus, toluene, 
C0H5 • CH3, ethylbenzene, CeHs • CHs • CH3, and isobutyl 
benzene, CoHs • CH2 • CH(CH3)2, yield the same compound, 
benzoic acid, CcHr, • COOH, when oxidized. Oxidation of such 
compounds by physiological processes often results in the for- 
mation of acids in which the carboxyl group is not attached to 
the ring. Phenylbutj^ic acid, CgHs • CH2 • CH2 • CHo - COOH, 
is oxidized, in the living cells of the body, to phenylacetic acid, 
CgHs • CH2 • COOH. 

If more than one side chain is attached to the same ring, a 
polybasic acid is produced. Thus pare, xylene yields terephthalie 
acid : 


GH3 


COOH 


Cr207 




CH3 

ji-Xylene 


COOH 

Terephthalie acid 


It is possible, however, to oxidize one side chain and leave an- 
other intact. Dilute nitric acid converts paraxylene into para- 
toluie acid : 


HNO3 
)- 



CHs 

j>-Xylene 



COOH 

p-ToIuic acid 
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Benzene derivatives containing two side chains in ortho 
positions are oxidized to dibasic acids by permanganate ions 
but they are often oxidized to carbon dioxide and water by 
dichromate ions. 


CONDENSED NUCLEI 

Naphthalene, CioHs, is obtained from coal tar. It crystal- 
lizes from hot alcohol or ether in shining, colorless plates, 
melting at 80° and boiling at 218°. It is insoluble in water,' 
sublimes slowly at room temperature, distills with steam, and 
has a characteristic odor. It is used in enormous quantities 
in the manufacture of the azo dyes, in the preparation of 
moth balls, in illuminating gas to increase the luminosity 
of the flame, and in the manufacture of phthalic acid. The 
naphthalene molecule consists of two benzene nuclei, having 
two carbon atoms in common: 

H H 

I II I 

H H 

Naphthalene 

When oxidized, naphthalene yields or^/iophthalic acid : 


"NC— COOH 


HC\^/C~C00H 

H 

o-Phthalio acid 


'Phis indicates that naphthalene contains a benzene ring 
with two side chains in or^^o positions. That the two side 
chains constitute another benzene ring is shown as follows. 
Nitro substitution products of benzene are less susceptible to 
oxidation than are unsubstituted rings. Amino derivatives 
of benzene are more easily oxidized than are the unsubsti- 
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tuted rings. Now, nitronaphthalene on oxidation yields nitro- 


phthalic acid: 


H H; 

1 11 ' 1 V 

H 

C 

HC^ \c— COOH 

I 11 i 1 

HC^ /C\ i 

V/ 

NOa H 

1 li 

HC^^^C—COOH 

NOa 

Nitrophthalie acid 

If the nitro gi'oup be reduced to an amino group before the 
oxidation is effected, then the substituted ring is broken, and 
ordinary unsubstituted phthalic acid is formed : 

I H H 

1 1 II 1 — ^ 

i'Nh; h 

H 

HOOG—C^ 

li 1 

HOOC-~C\ ^CH 
\c^ 

H 

Phthalic acid 


Naphthalene yields two isomeric monosubstitution products ,* 
ten disubstitution products if the substituents are alike, and 
fourteen if the two entering elements or groups are unlike. The 
positions in the molecule where substitution may occur are 
numbered as follows : 



It is obvious that a group attached to carbon atom 1, 4, 5, 
or 8 makes a compound that is not identical with the substance 
formed by placing the same substituent in position 2, S, 6, or 7, 
The first numbers (1, 4, 5, and 8) are called alpha positions, the 
others are 6eto positions. Disubstitution products are often 
designated as ortho, meta, and para when the substituents are 
in the same ring, but numbers or letters are used when positions 
in both rings must be indicated. 

At temperatures between 700° and 1000° naphthalene and 
other aromatic hydrocarbons are formed in small quantities 
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from propane, butane, and other paraffins containing fewer 
than six carbon atoms, as well as from the higher members of 
the methane series.* 

Anthracene, C14H10 (m.p. 218°, b.p. 342°), is obtained from 
coal tar, in which it occurs to the extent of 0.3 per cent to 0.5 
per cent. Phenanthrene and carbazole are found in the same 
fraction and are not separated from antliracene by distillation 


alone. Carbazole, 


NH 


, is removed by distilling the 


mixture with potassium carbonate. The nonvolatile potassium 

C6H4V 

carbazole, ] ^NK, remains in the retort. Phenanthrene is 


XT 

06 W.. 


removed by extraction with carbon disulfide, in which it is 
very soluble. 

When it is exposed to light, anthracene polymerizes to di- 
anthracene, C28H20. In the dark this pol3nner reverts to an- 
thracene. Many other reversible photochemical reactions are 
known. 

Anthracene may be prepared, by Friedel and Crafts’ re- 
action, from tetrabromoethane and benzene : 

H jj 

/^\ H /C. 

HC CH BrCBr HC^ ^CH 

II 1 + I + II I 

HC CH BrCBr 


Nc^ 

TT 

JtL 


H 


HCv .CH 

\c^ 


H 


H 

.C 


HC 




XT 

/Cc 


HC 


H H H 


'\c/ \gh 


,CH 


■p 4:HBr. 


Other methods of preparation and most of the properties 
of anthracene indicate that the molecule has this structure. 

*Zanetti, J. Ind. and Eng. 8, 674 (1916). 
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Positions in the molecule are indicated by numbers or by 
letters : 


/s\ 

/9\/i\ 




r 

T 

or 

p' ' 

T 1 


A 3J 


I m 

W 

\w/\4/ 





Three monosubstitution products of anthracene may exist, and 
in many cases the three have been prepared. Fifteen disubsti- 
tution products could be made with similar substituents and 
many more with unlike groups. Not all these possibilities liave 
been realized. 

Anthracene crystallizes in shining, fluorescent leaflets. It 
is insoluble in water, sparingly soluble in alcohol and ether, 
but it dissolves readily in hot benzene. It forms an insoluble 
compound with picric acid, CmHio • C 6 H 2 (N 02 ) 30 H. This 
product crystallizes in red needles that melt at 138°. A method 
for the quantitative estimation of anthracene is based on 
this reaction. Positions 9 and 10 are very reactive. Sodium 
amalgam in alcohol causes addition of hydrogen to each of 
these carbon atoms. Bromine rapidly replaces hydrogen in 
positions 9 and 10. A satisfactory laboratory method for 
making hydrobromic acid consists in dropping bromine on 
anthracene. Nitric acid oxidizes anthracene in positions 9 and 
10, forming anthraquinone. The reaction proceeds so rapidly 
that it is not possible to secure a nitro derivative of the 
unoxidized hydrocarbon : 


A, 

\c/ 

H 


Anthracene 


HNO. 




\c/ 


o 

Anthnujuinone 


Further treatment with nitric acid yields nitro derivatives of 
anthraquinone. 

Phenanthrene, C 14 H 10 , a coal-tar product isomeric with an- 
thracene, crystallizes in colorless plates. It dissolves in alcohol, 
forming a blue fluorescent solution. A mixture of sulfuric acid 
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and potassium dichromate converts it first into phenanthra- 
quinone and ultimately into diphenic acid : 



Phenantliraquinone Diphenic acid 

(m.p. 207°, b.p. 360°) (m.p. 229°) 


The carbon atoms that are attached to hydrogen in the phenan- 
threne molecule are numbered as follows : 

H .H 


.C=Cs 
9 10 


H 


HCf 7 




c~~c 




2'^C— H. 


6 


4 3 

'C=c- 


H H 


H H 


Anthracene is a valuable source of alizarin dyes and inter- 
mediates, but no important uses have been found for its isomer, 
phenanthrene. 

Eeten, CisHls, a homologue of phenanthrene, occurs in the 
gum and pitch of spruce and pine trees. It is l-methyl-4-iso- 
propylphenanthrene, 



It crystallizes in large leaflets with pearly luster, melts at 98.5°, 
and boils at 394°. It forms a molecular compound with picric 
acid that crystallizes in yellow needles, melting at 124°, 


HYDROCARBON DERIVATIVES 

ARYL HALIDES 

When benzene is floated on a solution of dilute sodium 
hydroxide and chlorine gas is bubbled through the mixture, an 
addition product, CgHgCL, is formed. When chlorine is passed 
into benzene in the presence of certain catalysts (halogen car- 
riers), substitution of the halogen for hydrogen occurs, with 
the formation of compounds of the types CoHoCl, CfiH-iCli, 
and so on to CoClo. The most effective catalysts are alu- 
minum chloride, iron filings, tin, iodine, and zinc chloride. 
Aromatic hj^-drocarbons having aliphatic side chains may be 
chlorinated either in the ring or in the side chain, the course 
of the reaction being determined by the control of the experi- 
mental conditions. In the absence of direct sunlight and in 
the presence of a catalyst, substitution occurs in the ring. In 
sunlight or at high temperatures, in the absence of a catalyst, 
substitution occurs in the side chain. The substitution of bro- 
mine for hydrogen in the nucleus or in the side chain of an 
aromatic hydrocarbon is accomplished in the same way. The 
iodides are prepared by indirect methods. 

Physical constants of a few halogen derivatives of aromatic 
hydrocarbons are given in the following tables : 


Chlorine Compounds 


Name 

Formula 

Melting 

Point 

Boiling 

Point 

Specific 

Gravity 

Chlorobenzene 

CeHsCl 

- 45.2” 

132° 

1.106 (20°) 

1, 2-DichIorobenzene . . . 

CfiPItCla 

- 17.6® 

179° 

1.325 (0°) 

1, 3-Diehlorobenzene . . . 

C 0 H 4 CI 2 

-Zl.S® : 

173° 

1.307 (0°) 

1,4-Dichlorobenzene . . . 

CcH.iCl2 

+ 52° 

173° 

1.241 (63°) 

1, 2, 4-Triehlorobenzene . . 

CaHsCN 

+ 17° 

213° 

1.446 (26°) 

Ori/jochlorotoluone .... 

Cfil-LiClCHn 

- 35.1° 

159.4° 

1.085 (18°) 

Mciaehlorotoluene .... 

CfiH.iClCH:, 

-47.8° 

162.4° 

1.072 (20°) 

Parachlorotoluene .... 

C6H.iC10H2 

+ 7.8° 

162.5° 

1.071 (18°) 

Benzyl chloride 

C 6 H 6 CH 2 CI 

-39° 

179.4° 

1.103 (18°) 

Benzal chloride 

CoHaCHCla 

- 17.4° 

214° 

1.295 (16°) 

Benzotriehloride 

CoPI,CCl,3 

- 4.8° 

220.7° 

1.378 (15°) 
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Bromine Compounds 


Name 

Formula 

Melting 

Point 

Boiling 

Point 

Specific 

Gravity 

Bromobenzene 

CflHsBr 

- 30.5° 

156.2° 

1.497 (20°) 

1, 2-Dibromobenzene . . . 

Cf,H4Br2 

+ 1.8° 

221° 

2.003 (0°) 

1, 3-Dibi’omobenzene ... 

C6H4Br2 

- 6.9° 

217° 

1.955 (20°) 

1, 4-Dibromobenzene ... 

CuH4Br2 

4- 86.8° 

219° 

1.954 (20°) 

1, 2, 3-Tribromobenzene . . 

CoHaBiM 

87.4° 

— 

2.658 (20°) 

1, 2, 4-Tribromobenzene . . 

CcHaBrs 

44° 

276° 


1, 3, 5-Tribromobenzene . . 

CuHsBra 

120° 

278° 

— 

Or^/jobromotoluene .... 

CflH4BrCH3 

-28.1° 

181.8° 

1.422 (20°) 

Meiabromotoluene .... 

CnH-tBrCHs 

- 39.8° 

183.7° 

1.410 (20°) 

Pambromotoluene .... 

CfiK-iBrCHs 

+ 28.2° 

183.6° 

1.310 (20°) 

Benzyl bromide . . . . . 

CfiH.-.CH2Br 

- 3.9° 

199° 

1.438 (22°) 

OrUiOxylyl bromide .... 

CfiHfCHsCHoBr 

+ 21° 

217.7° 

1.3S0 (22°) 

Dibromo-me?axylene . . . 

CfiH2Br2(CH.s)2 
(4, 6—1, 3) 

72° 

256° 

— 

Tribromomesitylene . . . 

CGBr3(CH3)3 

(2, 4, 6—1, 3, 5) 

224° 




Chlorobenzene. Phenyl chloride, C0H5CI, a colorless liquid 
having an agreeable odor, boils at 132'’ and melts at — 45.2°. It 
is insoluble in water, but dissolves in all proportions in alcohol 
and in ether. It is prepared (1) by direct chlorination of ben- 
zene, or (2) by the action of phosphorus pentachloride on phenol, 
or (3) by wanning benzene diazonium chloride with cuprous 

chloride: CoHo + Cla — + CoHsCl + HCI. (1) 

CeHsOH + PCI5 — > CsHsCI + POCls + HCl. (2) 

CaHsNaCl + CuCl CsHsCl + Na + CuCl. (3) 

The second equation represents a method that is not very 
useful. The hydroxyl group in a phenol is not easily replaced, 
even under the influence of a powerful reagent like phosphorus 
pentachloride, and the yield of the halogen derivative is always 
small. In this respect phenols differ from alcohols. 

Bromdhenzene. Phenyl bromide, GoH'r.Br, resembles chloro- 
benzene in most respects and is prepared by similar methods. 
It melts at - 30.5“. boils at 156.2°, and has a specific gravity 
of 1.497 at 20°. 

' lodobenzene. Phenyl iodide, CgHsI, is a colorless liquid 
having a density of 1.861 at 0° C. It melts at — 31.4° and 
boils at 188.6°. It is usually prepared by means of the diazo 
reaction (see pages 224- and 227). Iodine does not act upon 
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benzene at low temperatureSj but the preparation of CeHsI 
can be accomplished by heating a mixture of benzene, iodine, 
and iodic acid in a sealed tube. The hydrogen iodide fomed is 
oxidized to iodine and water by the iodic acid, and reversal of 
the process of substitution is thus prevented. 

SITLFOMC ACIDS 

Fuming sulfuric acid acts upon aromatic hydrocarbons form- 
ing sulfonic acids. Ordinary concentrated sulfuric acid accom- 
plishes the same thing but requires a higher temperature and 
alongertime: 

CeHo + H 2 SO 4 CsHs • SOsH + H 2 O. 

If fuming sulfuric acid is used, two or even three hydrogen 
atoms may be replaced by SO 3 H groups. The formation of 
benzenetrisulfonic acid is catalyzed by silver sulfate. 

The sulfur atom in a sulfonic acid is linked to carbon directly 
and not through oxygen, as indicated by the fact that thio- 
phenol, CcHnSH, when oxidized, yields the same benzenesulfonic 
acid that is produced by the action of sulfuric acid on benzene. 

The free aromatic sulfonic acids are colorless, crystalline 
compounds. They are soluble in water and most of their me- 
tallic derivatives are soluble. The separation of benzenesulfonic 
acid from the excess of sulfuric acid used in the reaction is 
accomplished by diluting the mixture and neutralizing it with 
barium carbonate. The barium salt of the sulfonic acid is 
soluble. It is freed from the precipitated barium sulfate by 
filtration and obtained in crystalline form by evaporation of the 
filtrate. The free acid is obtained from the salt by treatment 
with the calculated quantity of sulfuric acid. 

The free acid or the salt may be converted into an acid chlo- 
ride by treatment with phosphorus pentachloride : 

CgH5 • SOsONa + PCI 5 CgHo • SO 2 CI + NaCl + POCl,. 

Benzenesulfonyl chloride, CgH< 5 S 02 C 1 , is an oily liquid (sp. gr. 
1.384, m.p. 14.5°, b.p. 247°). Corresponding derivatives of the 
homologues of benzene are solids at room, temperature. From 
them the sulfonic amides are prepared by the action of ammonia 
or ammonium carbonate : 
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Reactions of benzenesnlfonyl chloride with primary and sec- 
ondary amines have been mentioned (see page 139 ). 

Groups that cannot be substituted for hydrogen directly 
may often be introduced into the ring through the agency 
of sulfonic acids. This is, in fact, one of the most important 
applications of sulfonation in the aromatic series. The hy- 
droxyl group is introduced by fusing the potassium salt of a 
sulfonic acid with potassium hydroxide. Many phenols and 
naphthols are prepared commercially by means of this reaction : 

CeHsSOsK + KOH — >• CeHsOH + K2SO3. 

Nitriles are formed by fusing the salt of a sulfonic acid with 
potassium cyanide : 

CeHsSOgK + KCN — > CgHsCN + K2SO3. 


Sodium amide serves to introduce the amino group, and in 
many cases concentrated nitric acid substitutes the nitro group 
for the SO3H radical. 

Naphthalenesulfonic acids are formed by the direct action 
of sulfuric acid upon naphthalene. When the reaction occurs 
at temperatures below 100°, a-naphthalenesulfonic acid is the 
principal product. Higher temperatures promote the produc- 
tion of the 0 derivative. 



SO3H 


a-NaphtlialenesuKonie acid 
(m.p. 90°) 



^-NapHthalcmesulfonic acid 
(m.p. 161°) 


They are colorless, crystalline, deliquescent compounds. 


KITRG COMPOUNDS 

Direct nitration of an aromatic compound is accomplished 
by the action of concentrated nitric acid or a mixture of nitric 
and sulfuric acids : 

Dilution with water promotes ionization of the nitric acid 
and retards the change. Hydroxyl groups and not hydrogen 
ions must be furnished by the nitric acid. By using a large 
excess of sulfuric acid to absorb the water formed in the reac- 
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tion, the quantity of nitric acid may be reduced to the theo- 
retical requirement as calculated from the equation. This is 
a matter of economic importance since nitric acid is much more 
expensive than sulfuric acid. 

Nitration is effected at temperatures as low as possible, for 
nitric acid is a vigorous oxidizing agent and may decompose the 
compound under treatment. The oxidizing action is acceler- 
. ated by elevating the temperature. At temperatures below zero 
it is possible to nitrate some aromatic aldehydes without con- 
verting the aldehyde group into a carboxyl group. Aliphatic hy- 
drocarbons require high temperatures for nitration, and in such 
cases oxidation is checked by using dilute acid. Many deriva- 
tives of benzene require a high temperature and high concentra- 
tion of acid to accomplish nitration, and under these conditions 
there is usually considerable loss of material through oxidation. 

Groups already in the ring influence the rate of nitration. 
Groups that orient the entering substituent to the meta posi- 
tion retard nitration, and groups that orient to the ortJio and 
para positions facilitate the reaction (see Crum-Brown and 
Gibson Rule). Benzoic acid, C0H5COOH, resists nitration; 
but, on the other hand, phenol, CcHsOH, can be nitrated by 
cold dilute nitric acid. In the case of benzene itself one nitro 
group is easily introduced, even in the presence of a small 
amount of water. To place a second nitro group in the same 
ring one must use concentrated acid. A third nitro gi’oup enters 
only at higher temperatures, and not more than three such 
groups may be introduced by direct nitration. 

Homologues of benzene, ha\dng aliphatic side chains, are 
nitrated in the ring by cold concentrated nitric acid, or in the 
side chain by hot dilute acid. 

Nitrobenzene, CGHflN02, is a pale yellow liquid (m.p. 5.7°, 
b.p. 210.9°, sp. gT. 1.204). It is practically insoluble in water, 
but it dissolves in alcohol. Its odor resembles that of almonds. 
It is the chief commercial source of aniline, and is manu- 
factured in large quantities for the production of aniline dyes. 

Equal volumes of concentrated nitric acid and concentrated sulfuric acid 
are mixed and cooled to 50". The acids are added very slowly and with 
constant agitation to the benzene. The mixture is stirred and maintained at 
50° for about an hour, then poured into a large volume of cold water. 
Nitrobenzene foims a liquid layer under the water. After washing it free 
from acid and drying it with calcium chloride, it is distilled. 
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Dinitrohenzene. In the ordinary process of making mono- 
nitrobenzene, a small quantity of dinitrobenzene appears as a 
by-product. To make dinitrobenzene the principal product, 
it is necessary to nitrate at a higher temperature or to employ 
fuming nitric acid. Three compounds corresponding to the 
formula C6H4(N02 ) 2 are known; but if prepared by direct 
nitration of benzene, the meta compound constitutes by far 
the greater part of the yield : 

NO 2 

|^NO» 

o-Dinitrobenzene 
(m.p. 116.5°, b.p. 319°) 


NO 2 

Qn02 

•m-Dinitrobenzene 
(m.p. 91°, b.p, 302°) 


NO 2 



NO 2 


p-Di nitrobenzene 
(m.p. 172°, b.p. 299°) 


A mixture of concentrated nitric and fuming sulfuric acids 
converts wetodinitrobenzene into symmetrical trinitrobenzene, 


NO 2 

N02<j> 

NO 2 

Nitrotolmnes. The first products obtained in the nitration 
of toluene are pamnitrotoluene and ori/mnitrotoluene. A very 
small amount of the meta compound is generally formed also : 

CHa 

j^NOa 

O'Nitrotoluene 
(m.p. 10..5°, b.p. 222°) 

Further nitration produces dinitro bodies and finally one or 
more of the six isomeric trinitrotoluenes. Sjnnmetrieal trini- 
trotoluene, a powerful explosive, predominates in the mixture : 


CH 3 

QnOz 

»!-Nitrotoluene 
(m.p. 16°, b.p. 230°) 


CH.3 



NO 2 


p-Nitrotoluene 
(m.p. 51.3°, b.p. 238°) 



+ 3HN03>-»* 


Toluene 


CHs 

NO2QNO2 

' :N02^ 

Sym. trinitrotoluene 


+ 3H2O. 
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Trinitrotoluene was manufactured in enormous quantities for 
use in the war of 1914-1918. It was commonly called T.N.T. 
The substance is a fairly stable pale yellow solid. It can be 
handled safely, for it is not detonated by an ordinary shock. 

Nitronaphthakms. Concentrated nitric acid acts upon 
naphthalene at room temperature, producing a-nitronaphtha- 
lene, a yellow crystalline compound which is almost insoluble 
in water, 

NO2 



+ HNO3 



+ H2O 


Naphthalene 
Cm.p. 80.2°; b.p. 218°) 


a-Nitronaphthaiene 
(m.p. 58.8°; b.p. 304°) 


At higher temperatures the product obtained is a mixture of 
mono-, di-, tri-, and ^e^ru-nitronaphthalenes. 

i8-Nitronaphthalene is obtained from B-naphthylamine 
through the action of nitric acid and sodium nitrite under 
catalytic influence of cuprous oxide.* The nature of this reac- 


QjAnHj HNOs. NaNOa 


/3-'Naphthylamine 
(m.p. 110.2°; b.p. 806°) 


CuaO 



NOs 


^-Nitronaphthalene 
(m.p. 79“ ; b.p. 165° (15 mm.)) 


tion is discussed on page 229, jd-Nitronaphthalene crystallizes 
in the form of rhombic needles. It has a yellow color, dissolves 
in alcohol or ether, and is practically insoluble in water. 


REDUCTION OF NITROBENZENE 

Nitrosohenzene, C(iH5NO, exists at low temperatures in the 
form of large colorless monoclinic crystals melting to an 
emerald green liquid at 68°. It is the first reduction product 
of nitrobenzene, but cannot be isolated from a reducing me- 
dium, since it is rapidly converted to /3»phenylhydroxylamine, 
CoHsNHOH. The reaction is, therefore, allowed to proceed to 
the ^-phenylhydroxylamine stage, and this compound is then 
oxidized to nitrosobenzene by means of cold chromic acid. 
Nitrosohenzene explodes when heated with oxygen under 

*For details see Meisenheimer and Witte, Ber., 36, 4153 (1903). 
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twenty-five atmospheres of pressure. It combines with aniline, 
forming azobenzene, CeHs— -N=N— CeHs ; with phenylhy- 
droxylamine, forming azoxybenzene, (C6H5)2N20; and with 
hydroxylamine, forming diazobenzene, CeHs— N==N — OH. 

Azoxyhenzem crystallizes from alcohol in the form of yellow 
needles, melting at 36°. The compound was formerly repre- 
sented by the following structure : 


CfiHi- 


/ 0 \ 

-N — N- 


-CoHs. 


It is now regarded as a resonating molecule in which the follow- 
ing formulas represent limiting positions of the valence elec- 
trons. Several other arrangements are possible. It is probable 
that the vast majority of the molecules in any sample of 
azoxybenzene correspond to an electron distribution inter- 
mediate between these structures, but more closely resembling 
formula I than formula II : 


CeHs : N : : N : CeHs C0H5 : N : N : CsHs 



Azoxybenzene is obtained by reducing nitrobenzene with a 
hot alcoholic solution of sodium ethylate : 


dCeHsNOa + SCsHsONa 

2 (C6H5)2N20 + 3 CHECOONa -f- 3 H2O. 

Azohenzene, CgHs— N=N— C eHs (m.p. 67°, b.p. 297.4°), is 
prepared by reducing nitrobenzene with sodium stannite 
(SnCl2 in an excess of NaOH) or by distilling azoxybenzene 
with iron filings. 

2 G6H5NO2 + 4 Na2Sn02 (C6H6)2N3 +■ 4 Na2Sn03. 

Nitrobenzene Sodium stannite Azobenzene Sodium stannate 


Azobenzene crystallizes in orange-red leaflets. It is insoluble in 
water but soluble in alcohol and in ether. The compound melts 
at 68° and boils without decomposition at 295°. It is reduced 
to hydrazobenzene by treatment with tin and hydrochloric acid. 

Hydrazobmzm <^^^^^^ 181°), is^ a 

colorless crystalline compound which decompGses below its 
boiling point and is converted by mild oxidizing agents, such 
as ferric chloride or even atmospheric oxygen, to azobenzene. 
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In the presence of a strong acid it undergoes the Hofmann re- 
arrangement, yielding benzidine. Hydrazobenzene is obtained 
by reducing an alcoholic solution of nitrobenzene with zinc 
dust and potassium hydroxide: 

2 C 6 H 5 NO 2 + 10 KOH -f 5 Zn 

— > (CgH 5)2N2H2 + 5 K2Zn02 + 4 H 2 O. 

GfiHsNHOH, a colorless, crystalline 
substance melting at 82°, is obtained from nitrobenzene' by 
the action of zinc dust and hot water or by the electrolytic 
reduction of nitrobenzene: 

CeHsNOa + 2 Zn -f 3 H 2 O — ^ CeHsNHOH + 2 Zn(OH) 2 . 

Aniline, G 6 H 5 NH 2 , is the final reduction product of nitro- 
benzene. It is a compound of very great importance on account 
of its useful derivatives. It is described in connection with 
the aromatic amines and the dyes. Aniline is a colorless liquid. 
It is prepared commercially by warming a mixture of nitro- 
benzene, iron, and dilute hydrochloric acid : 

CeHsNOa -1- 3 Fe + 6 H+ CoHsNHa + 3 Pe+ + + 2 H 2 O. 

The reaction does not stop with the oxidation of the iron to 
the ferrous state. Ferrous ions are capable of reducing nitro- 
benzene: 

CeHcNOa + 6 Fe+ + 4 - 6 H+ — > C 0 H 5 NH 2 6 Fe+ + -f- 2 H 2 O 
or 

CoHsNOa + 2 Fe + 6 H+ — > C0H5NH0 -j- 2 Pe+ + + + 2 H2O. 

When the added acid has been used in these reactions, the 
hydrolysis of ferric ions maintains a sufficient hydrogen ion 
concentration to continue the reduction process as long as 
free iron and nitrobenzene are present : 

Fe+-i-i + 3 H 2 O — > Fe(OH);, + 3 H'*-. 

The reduction of nitrobenzene could, therefore, be accomplished 
by heating it with water, iron, and a ferric salt without the 
addition of an acid. In the reduction of nitrobenzene with tin 
and hydrochloric acid, stannic chloride is formed unless an 
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excess of the metal is used. The reactions leading to the forma- 
tion of stannous and stannic salts may be written 

C6H5NO2 +• 3 Sn -j- 6 — >■ C6H5NH2 + 3 Sn^* + + 2 H2O 

and 

2C6H5N02 + 3Sn-l-12H+ 

— ^ 2 C6H5NH2 + 3 Sn++++ 4 - 4 H2O. 

Stannic salts, like ferric salts, are readily hydrolyzed. The main 
stages in the reduction of nitrobenzene by electrolytic processes, 
whether in acid or in alkaline solution, are : nitrobenzene — h 
nitrosobenzene — >- phenylhydroxylamine — y aniline. 

In any reduction process nitro compounds yield mixed prod- 
ucts; but, by proper control of the conditions, it is possible 
to make any required tj^De of product predominate. The ulti- 
mate reduction product of a nitro compound is an amine, and 
if a vigorous reducing agent is employed, this is obtained 
whether the reaction is carried out in acid, neutral, or alkaline 
solution. The intermediate products, however, are different 
in the three cases. By suitable choice of reducing agent and 
careful control of the hydrogen or hydroxide ion concentration 
the various intermediate products may be isolated. 

In the first stage, nitrobenzene is converted into nitrosoben- 

C«Hr,N02 — C0H5NO. (1) 

Nitrosobenzene is reduced much more rapidly than is nitro- 
benzene and therefore it can never accumulate in the reaction 
mixture. Its transitory existence is proved by the fact that 
when nitrobenzene is reduced in the presence of hydroxylamine, 
benzenediazonium hydroxide is formed. This must be accom- 
plished by a reaction between nitrosobenzene and hydroxyl- 
amine : 

CeHsNO + H2NOH CeHs—N^N— OH + H2O. ( 2 ) 

/ 3 -Phenylhydroxylamine may be isolated if the reduction of 
nitrobenzene is carried out in neutral solution. In the pres- 
ence of acids jd-phenylhydroxylamine is reduced to aniline or 
converted by an intramolecular rearrangement into pura- 
aminophenol: 

C0H5NHOH G6H5NH2. (Reduction) ( 3 ) 

CiiHoNHOH — HOG6H4NH2. (Rearrangement) ( 4 ) 
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In alkaline solution it condenses with nitrosobenzene, forming 
azoxybenzene : 

/H ■9' .. 

CoHsNO + CeHsN-C CoHs : N : : N : CeHs + H 2 O. (5) 

\OH 

It also undergoes intramolecular oxidation and reduction : 

2 CsHsNHOH CeHsNO + CeHsNHg + H 2 O. (6) 

Azoxybenzene, therefore, represents the fii’st product that is 
obtained from nitrobenzene by reduction in an alkaline me- 
dium. Unless a reagent is chosen which carries the reduction 
to this stage only, the azoxybenzene is converted progres- 
sively into azobenzene, CeHs — ^N=N— C qHs, hydrazobenzene, 
CeHs— NH— NH-CeHs, and finally to aniline, CoHsNHs. 

Of the compounds listed above, those which contain two 
nitrogen atoms in the molecule are derived from azoxybenzene. 
Their production depends upon the condensation between ni- 
trosobenzene and phenylhydroxylamine (equation 5). This pro- 
ceeds very slowly in the presence of hydrogen ions and rapidly 
in the presence of hydroxide ions. Hence the azoxy, azo, and 
hydrazo compounds are not formed in acid reduction but are 
found among the alkaline reduction products. Unless a proper 
choice of reducing agent has been made, hydrazobenzene does 
not accumulate in the reaction mixture; for, in acid solution, 
it either responds to the benzidine change or is reduced to 
aniline; and in alkaline solution, it is reduced to aniline, or, if 
the reducing agent is no longer active, it is oxidized by un- 
changed nitrobenzene to azoxybenzene and azobenzene. 

The benzidine change, which is induced by the presence of 
hydrogen ions, is an example of the Hofmann rearrangement. 
The group marked "2” migrates from the nitrogen of group 1 
to the para position of ring a, and the para hydrogen of ring 
a passes to the nitrogen of group 1, forming a semidine : 

NH— NH— 

' 1 ’ 2 ’ 

Hydrazobenzene 





Semidine 


1 
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This semidine is still a substituted aniline, and group 1 mi- 
gi'ates from the nitrogen of group 2 to the para position in 
ring b, the para hydrogen of ring b passing to the nitrogen 
of group 2. The final product of this reaction is benzidine : 

^ HjNC^ )>— <f~^NH8. 

_ g j -- 

Semidine Benzidine 

Benzidine crystallizes in colorless, lustrous scales. It melts 
at 128.7° and boils at 401.7°. Only 0.94 g. of benzidine will 
dissolve in 100 g. of boiling water, but it is quite soluble in 
alcohol. Benzidine is manufactured in large quantities for the 
dye industry. 



AROMATIC AMINES 

The aromatic amines are derivatives of ammonia in which 
hydrogen has been replaced by aryl groups. They are color- 
less liquids or colorless, crystalline solids, possessing charac- 
teristic odors. The primary amines are weak bases. Secondary 
amines are still weaker, forming salts with strong acids only, 
and these salts are almost completely hydrolyzed in aqueous 
solution. Tertiary aromatic amines do not form salts with acids. 

Primary aromatic amines are made by reducing the corre- 
sponding nitro-compounds. Iron and hydrochloric acid are the 
reagents commonly used in this reduction process, but many 
other reagents serve the same purpose. (See reduction of nitro- 
benzene, page 210.) 

Secondary amines are derived from primary amines through 
several types of reactions. iVlkyl halides, for example, form 
addition products with primary aromatic amines, and subse- 
quent elimination of a halogen acid from the addition product 
by treatment with an alkali gives rise to mixed aromatic-aliphatic 
secondary amines : 

CgHsNH, -h CH3I — > CgHgNPI.CHsI ; 

CGH5NH2CH3I + NaOH — ^ CgHgNHCH 3 + Nal + HoO. 

For the preparation of a secondary amine in which both radicals 
are phenyl groups see page 221. 

Tertiary amines are made from secondary amines. Equations 
representing some of the possible processes are shown in con- 
nection with the discussions of triphenylarnine and dimethyl- 
aniline (pages 222 and 223 ). 

PEIMARY AMINES 

Primary aromatic amines react with aldehydes, eliminating 
water: 

CgHgCHO + CcHsNHs — > CoHoCH-^N -^CoHs + H2O. 

Benzaldehydci Aniline Benzalaniline 

They react with the alkali metals, forming saltlike deriva- 
tives in which the metal is attached to nitrogen. Potassium, 
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for instance, dissolves rapidly in hot aniline, liberating hydrogen 
and producing the salts CeHsNHK and C6H5NK2. 

At low temperatures (0° to 10°) nitrous acid converts primary 
aromatic amines into diazonium compounds. At higher tem- 
peratures the diazonium salts decompose, with an evolution 
of nitrogen, yielding phenols. The net result at high tempera- 
tures is comparable, therefore, to the production of an alcohol 
from an aliphatic amine : 

CeHsNHa + HNO 2 CeHsNaOH + H 2 O ; 

CeHsNaOH CqE^OR + Ng. 

Aniline is a colorless liquid, boiling at 184.4°. It is readily 
nitrated and sulfonated by concentrated nitric acid and sul- 
furic acid respectively. Water saturated with the amine 
at ordinary temperatures contains about 3 per cent of ani- 
line by weight. Salts of aniline, such as the hydrochloride, 
CcHsNHs • HCl, and sulfate, (CcH 3 NH 2 ) 2 H 2 S 04 , are crystal- 
line compounds readily soluble in water. 

With formaldehyde aniline forms a crystalline condensa- 
tion product, anhydroformaldehyde aniline, (CfjHs • N : CH 2 ) 3 , 
melting at 40°. This may be reduced to methylaniline by treat- 
ment with tin and hydrochloric acid. 

Aniline reacts with acetyl chloride, yielding acetanilide : 

C6H5NH2 + CH3COCI — > CeHsNHCOCHs + HCl. 

Acetanilide is a colorless crystalline compound (m.p. 114.2°, 
b.p. 303.8°). It is used in medicine as a febrifuge. The same 
product may be obtained by heating aniline with acetic acid. 
Aniline acetate is first formed, but the salt decomposes at 150°, 
yielding acetanilide and water : 

CeHsNHs + CH3COOH — ^ CH3COONH3C6H5 ; 

CH3GOONH3C6H5 CHsCONHCoHg + H2O. 

In a solution of bleaching powder aniline produces a violet 
color. The reaction mixture contains phenyichloroamine, 
GsHsNHCl, and the color is probably due to a condensation 
product of phenyichloroamine with aniline. 

Aniline is manufactured in large quantities to supply the 
demands of dye factories. It is used also as a laboratory source 
of phenols, sulfonic acids, nitroanilines, and homologues of 
aniline- The preparation of aniline has been described. 
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HOMOLOGUES OF ANILINE 

Among the more important compounds derived from aniline 
by substituting alkyl radicals for hydrogen in the ring are the 
toluidines and xylidines. There are three toluidines and six 
xylidines. The toluidines and xylidines resemble aniline in 
chemical properties, and some of them are used extensively in 
the dye industry. 


CHs CHa CHs 



NHa 

o-Toluidine m-Toluidine p-Toluidine 

(b.p. 200.7®) (b.p. 203®) (b.p- 200.5°) 

Ori/iotoluidine and paratoluidine are prepared by reduction 
of the corresponding nitro compounds, obtained through direct 
nitration of toluene. Orthotolmdine is a liquid, colorless when 
pure, but red as ordinarily prepared. Puratoluidine is a crys- 
talline solid (m.p. 43 . 7 °)« Metotoluidme, a liquid, is prepared 
by reduction of metonitrobenzal chloride. 

The xylidines are represented by the formulas below. The 
abbreviations o, m, p, and » refer to ortho, meta, para, and 
vicinal positions. A vicinal compound is one having a sub- 
stituent on each of three adjacent carbon atoms in the nucleus. 


NHa 

AcHs 


c-o-Xylidine or 
1, 2, S-xylidine 
(b.p. 223.8°) 



Unsym. w-xylidine or 
1, 3, 4-.xyiidine 
(b.p. 216°) 



Unsynj. o-xylidine or 
. 1, 2, 4-xylidme 
(m.p. 49°, b.p. 226°) 


H2N|AcH3 

CHa 

Sym. m-xylidine or 
i, 3, 5-xyiidine 
(b.p. 221°) 


CHs 
NH2 

■/"■'■CHs 

: r-mrXylidine or 

1. 3. 2- xylidine 
(b.p. 216.9°) 

CH3 

QnHs 

CHs 

p~Xylidine or 

1. 4. 2- xylidine 
(m.p, 16°, b.p. 217°) 
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Symmetrical metoxylidiiie is prepared from mesitylene. The 
principal reactions are outlined below. 

CHs CHs 

^ CHs + 2 HNO3 — ^ ^ COQH + 2 NO + 2 H 2 O. 

CHs CHs 

Mesitylene Mesitylenic acid 

Nitro compounds formed as by-products in the above reaction 
are reduced to amines by tin and hydrochloric acid. The amines 
dissolve in the hydrochloric acid, and the mesitylenic acid re- 
mains as a solid residue. Phosphorus pentachloride converts 

the acid into an acid chloride, and the latter reacts with a cold 
concentrated aqueous solution of ammonia to form a crystalline 
amide. A solution of sodium hydroxide and bromine converts 
the amide to an amine.* 

CHs 

^CONHa + 4 NaOH + Bra 

CH3 

Mesitylenic amide 

CHs , 

— ^ <^"~~^NH 2 + NasCOs + 2 Nafir + 2 H 2 O. 

.■■■■ CHs. ■ 

1, S, S-Xylidine 

Commercial xylidine, obtained from crude xylene ( 0 , m, and j? 
xylene) by nitration and subsequent reduction, contains all the 
xylidines except the 1, 3, 5 compound. 

NAPHTHYLAMINES 

a~Naphtkylarmne, C10H7NH2, crystallizes in the form of 
needles. It is a colorless compound which has a disagreeable 
odor. It is very slightly soluble in water, but it dissolves 
readily in alcohol and ether. With acids it foims salts that 
are soluble in water, and these salts form blue precipitates 
when treated with oxidizing agents such as ferric chloride, 
mercuric nitrate, or chromic acid. a-Naphthylamine is made 


* See the Hofmann Rearrangement, p. 431. 
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from a-nitronaphthalene by reduction with iron and hydro- 
chloric acid. NO2 NH2 


a-Nitronaphthalene a-Naphthylamine 

(m.p. 59°, b.p. 304°) {m.p. 50°, b.p. 301°) 

^-Naphthylamine, C10H7NH2, crystallizes in pearly plates. It 
is odorless and practically insoluble in water. jS-Naphtliol is con- 
verted into / 3 -naphthylamine by heating it with zinc chloride 
and ammonia : 



/3-Naphthol |8-Naphthylamine 

(m.p. 122°, b.p. 286°) (m.p. 112”, b.p. 306°) 

This method can be applied with equal success in the prepara- 
tion of a-naphthylamine. Both of these amines are manu- 
factured in large quantities for use in the dye industry. 

The naphthylaminesulfonic acids also are used in large 
quantities in the preparation of dyes. These derivatives may 
be made by the action of sulfuric acid on the naphthylamines 
or by reducing nitronaphthalenesulfonic acids. The follow- 
ing sulfonic acids are produced when concentrated sulfuric 
acid acts on a-naphthylamine : 


NH2 NH2 NHs 



l-Naphthylamine- l-Naphtbylamine- 1-Naplithylamine" 

4-sulfomc acid 5-sulfonic acid 6-sulfonic acid 


The first member of this group, l-naphthylamine- 4 -sulfonic 
acid, is commonly called naphthionic acid. 

Among the more important sulfonic acid derivatives of 
/ 3 -naphthylamine are the following: 



2-Naphthylamine-6-sul- 2-Naphthylamine- 2~Naphthylamine- 

fonic acid 3, 6-disulfonic acid 6, 8-disulfonic acid 


AROMATIC AMINES 


221 


SECONDARY AMINES 


Diphenylamine, (C 6 H 5 ) 2 NH (m.p. 53°, b.p. 302°), a crystal- 
line substance having a pleasant odor, is a typical secondary 
aromatic amine. It is prepared by heating a mixture of ani- 
line hydrochloride and free aniline, or from bromobenzene and 
potassium anilide : 

CeHsNHs • HCl + CoHsNHa (C 6 H 5 ) 2 NH -f NH 4 CI. 

CeHsNHK + CeHgBr — ^ (CaH 5 ) 2 NH -f KBr. 


Diphenylamine is oxidized by nitric acid, bromine water, 
chromic acid, and other oxidizing agents. It jdelds colored 
oxidation products — usually blue. Not ail these products have 
been identified. 

MethylamUne, Ce'HsNHCHs (b.p. 195.7°, sp. gr. 0.987), is a 
yellow liquid, obtained from aniline by replacing one hydrogen 
atom of the amino group by the methyl radical. This may be 
accomplished through the direct action of methyl iodide on 
aniline and subsequent treatment with an alkali, but the prod- 
uct obtained in this way is contaminated with dimethylaniline. 
To obtain the pure secondary amine the following procedure is 
adopted. Aniline is boiled with glacial acetic acid to form 
acetanilide, CoHs • NH • CO • CH 3 , which is converted by methyl 
iodide into methylacetanilide : 


M. 


^CHs 


/XX CH^I A 

CgHs-n/ ^C6H5*N< 4- HI. 

\COCH3 \COCH3 


This product is hydrolyzed by boiling it with a solution of 
sodium hydroxide, and the methylaniline is obtained by ex- 
tracting with ether or by distilling with steam. 

Among the secondary amines that have important thera- 
peutic uses, adrenaline and ephedrine may be mentioned. 
Adrenaline causes contraction of the small arteries and is 
used to increase blood pressure. It may be obtained from the 
suprarenal glands of the horse or it may be synthesized from 
catechol and chloroacetyl chloride : 



+ CICH 2 COCI 



^COCHyCl 


+ HCL 


Catechol 


Chloroacetyl 

chloride 


Chloroacetyl 

catechol 
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Methylamine reacts with chloroacetyl catechol, forming an 
amino ketone, (OH)2C6H3COCH2NHCH3, which is then re- 
duced to adrenaline, 

HoAcHOH— CH 2— NH— CHs 

HOIJ 

Adi’enaline 

Epliedrine is used in the treatment of asthma and for other 
purposes. Methylphenyl diketone reacts with methylamine in 
alcohol as follows : 

CeHs— CO~CO— CH3 + CH3NH2 

— > CeHs— CO— C— CH3 + H2O. 

!l 

N— CHs 

The condensation product is reduced by hydrogen with nickel 
as a catalyst ; 

CeHr-CO— C— CH3 4 - 2 H2 CeHg— CHOH-CH— CH3. 


N— CH3 NH— CH3 

Ephedrine 

The amine is usually isolated and used in the form of a hydro- 
chloride. 

TERTIARY AMINES 

Triphenylamine, (C6H5)3N (m.p. 126®, b.p. 366°), is a crys- 
talline solid, soluble in acetone and benzene, and practically 
insoluble in water. It has no basic properties, differing in this 
respect from the tertiary aliphatic amines. It is prepared by 
heating diphenylamine and bromobenzene with sodium. A 
sodium derivative of diphenylamine is the first product formed : 

(C6H5)2NNa + CeHsBr — > (G6H5)3N + NaBr. 

Dimethylaniline, C6H5N(CH3)2 (m.p, 1.7°, b.p. 193.6°), a pale 
yellow oil having a disagreeable odor, may be prepared from 
aniline and methyl iodide. An addition product is formed from 
which hydrogen iodide may be removed by distillation with an 
alkali. This gives rise to monomethylamline, and a repetition 
of the process results in the formation of dimethylaniline : 
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CeHsNHs + CH3I ~ 

CgHs. 

->■ >NH2l; 

CHa^ 

CqHsx 

>NH2l + NaOH - 
CHs^ 

CeHsv 

bNH + Nal + HsO; 
CH3/ 

CeHs. 

>NH + CH3I - 
CHa^ 

CeHsv 

CHs^NHI; 

CH3/ 

CeHsv 

CHs^NHI + NaOH ~ 
CH3/ 

CoHsv 

-^CHs-^N + Nal + HsO. 
CH3/ 


Commercially, the amine is manufactured by heating aniline 
hydrochloride with methyl alcohol. A mixture of aniline hy- 
drochloride and methyl alcohol heated to 250° in an autoclave 
gives a mixture of aniline, toluidine, xylidine, and mesidine. 
By proper control of the conditions this method may be used 
in the preparation of almost any one of the possible products. 
The mechanism of the reaction is discussed under the Hofmann 
rearrangement. 

The para hydrogen atom in dimethylaniline is very reactive. 
As a result, dimethylaniline forms condensation products with 
a variety of reagents. The following examples are typical: 

1. With aldehydes : 

HC6H4N(CH3)2 

CeHsCHOd- 

HC6H4N(CH3)2 

/C6H4N(CH3)2 

— ^CeHsCH/ +H 2 O. 

\C6H4N(CH3)2 

Leuco-base of malachite green 

2. With phosgene : 

/Cl HC6H4N(CH3)2 /C6H4N(CH3)2 

CO\ -j- — ^ CO\ “j~ 2 HCl. 

\C1 HC6H4N(CH3)2 \CgH4N(CH3)2 

Michler’s ketone 

3. With fuming nitric acid : 

HNO 3 /CHa 

<I>n(chb). — - 

NO2 ^ 

TrinitrophenylmethylnitFoamine 
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4. With nitrous acid : 

(CH3)2 ON<(^^^N (CH3)2 + H2O. 

Nitrosodimethylaniline 

Nitrosodimethylaniline crystallizes in green plates, melting at 
85°. Potassium permanganate oxidizes the nitroso group to a 
nitro group. All secondary aromatic amines react with nitrous 
acid, forming nitrosoamines, the NO group being attached to 
the nitrogen of the amino group ; and primary aromatic amines 
are diazotized by nitrous acid. 

THE DIAZO REACTION 

Nitrous acid converts primary aromatic amines into diazo- 
nium compounds. The usual procedure for the preparation 
of these compounds consists in treating a cold aqueous solu- 
tion of an amine salt with hydrochloric acid and either amyl 
nitrite or sodium nitrite. The nitrous acid liberated from the 
nitrite acts upon the amine salt as follows : 

CeHsNHs + HNO 2 CoHs—feN + 2 H 2 O. 

An excess of nitrous acid should be avoided, for it is a fairly 
active oxidizing agent. Moreover, with some types of com- 
pounds — especially secondary and tertiary amines and some 
phenols — nitroso derivatives are formed. In the manufac- 
ture of azo dyes, amines and phenols are used in connection 
with diazotized primary amines, and in such cases an excess 
of nitrous acid not only reduces the yield in consequence of 
undesired reactions, but unnecessarily contaminates the prod- 
uct with other substances, rendering purification difficult and 
expensive. The sodium nitrite or other source of nitrous acid 
should be added slowly with constant stirring, until a drop of 
the mixture produces a blue color on starch-potassium iodide 
paper.* The structure assigned to the diazonium salt in the 
above equation is supported by the following considerations : 

1. The group — N 2 is attached to the ring by one valence 
bond only, for it is easily replaced by such univalent radicals 
as OH, CN, and Br. 

* Free nitrous acid oxidizes iodide ion to free iodine, which imparts a blue color 
to starch : 2 HI + 2 HNOg 2 HgO + 2 NO + Ig. 
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2 . A diazonium compound acts like a salt of a fairly strong 
base. The ion C6H5N2+ is comparable to the ammonium group 
Benzenediazonium chloride, like ammonium chloride, 
is a neutral salt and a highly ionized compound. With platinum 
and gold compounds it forms insoluble double salts of the type 
(C6H5N2)2PtCl6. Benzenediazonium carbonate, like ammonium 
carbonate, gives an alkaline reaction in aqueous solution through 
hydrolysis. In ammonium hydroxide the hydroxyl group is held 
by the charge on the ammonium ion, and the corresponding 
diazonium structure should indicate a similar relationship be- 
tween nitrogen and hydroxyl. 

Benzenediazonium hydroxide reacts not only with acids but 
also with bases. Thus we have two types of reactions : 

C6H5N2OH + HCl — > C6H5N2CI -f H2O. 
CeHsNaOH + KOH — >• CeHsNaOK + H2O. 

Hantzsch explained this anomalous behavior by assuming the 
existence of tautomeric forms : 

OH 

CgHs— N=N 

Benzenediazonium 
hydroxide 

One form contains nitrogen as it exists in ammonium hydroxide. 
This form is called a diazonium compound. The other form 
contains trivalent nitrogen only and is designated a diazo com- 
pound. A diazonium hydroxide is a strong base; a diazo 
hydroxide is a weak acid. In acid solution compounds of this 

kind have the diazonium structure. They form salts that dis- 

+ . ■ 

soeiate, yielding ions of type GeHs— N^N. When a base is 
added the compound assumes the diazo form : 

CgHs— N=N +: OH- — ^ CeHs— N=N— OH. 

The diazo compounds form salts of the type CeHs — N=N — OK. 
Diazo compounds and diazonium salts react with phenols and 
with aromatic amines to form the azo dyes. The reaction goes 
best in alkaline solution.* 

* If an add medium is required to hold the reagents in solution, sodium acetate 
is usually added to reduce the hydrogeh ion concentration to that of an acetic acid 
solution, for coupling does not occur in solutions of high hydrogen ion concentration, 


CeHs— N=N— OH. 


Benzenediazo 

hydroxide 
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The double bond between nitrogen atoms in the diazo com- 
pound gives rise to geometrical isomers which are called syn 
and anti compounds : 

CeHs-N CeHs-N 


KO— N 

s.i/«-Diazo salt 


N— OK 

anii-Hiazo salt 


Aw^^’-diazo compounds are formed in strongly alkaline solu- 
tions only. The s^w-diazo compounds, when warmed, decom- 
pose with an evolution of nitrogen. An important exception 
to this rule, however, is found in the case of the azo dyes. The 
so-called coupling reactions with amines and phenols produce 
stable'molecules. Both s^w-diazo and anti~diazo compounds are 
capable of yielding dyes, but the coupling is usually carried out 
in dilute solutions of bases, and syn compounds are formed. 
Reduction of an azo dye with stannous or titanous chloride 
breaks the molecule between the nitrogen atoms, leaving nitro- 
gen attached to each of the aromatic nuclei. This behavior 
affords further evidence in support of the — N=N — structure 
of the diazo group. 

The s?yw-diazo compounds are more reactive than the anti- 
diazo compounds. They are hydrolyzed more completely, being 
salts of a weaker acid. The syn compounds are more easily re- 
duced to hydrazines and more readily oxidized to nitroamines ; 
they are more soluble and, in the dry state, more explosive than 
the corresponding anti-diazo bodies. Rapid decomposition with 
evolution of nitrogen is a characteristic property of the syn 
series. The tMti-diazo compounds yield the same decomposition 
products, but the change occurs more slowly and requires a 
higher temperature, the first step, in all probabilitjq being a 
rearrangement to the syn form. 

A syn-diazo hydroxide has never been isolated, for as soon as 
liberated from the salt by means of an acid, it either decomposes, 
yielding a phenol and nitrogen, or changes to the diazonium 
form. Anti-diazo hydroxides have been obtained by treating 
the corresponding potassium salts with acetic acid at tempera- 
tures low enough to prevent rapid rearrangement. They are 
colorless crystalline compounds, but they are quite unstable 
and even at low temperatures in aqueous solution they are 
soon converted into phenols and other products. 
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Diazonium as well as diazo salts, when dry, are explosive. 
Detonation is accomplished by percussion or by heat. The 
important reactions of the diazonium salts are carried out in 
aqueous solution, and it is therefore unnecessary to assume 
the risk of an explosion in dealing with these compounds. 
Transformations of diazonium salts are used in sjmthetic work 
to introduce the following radicals and elements into aromatic 
compounds ; 

1 . Hydroxyl. When an aqueous solution of a diazonium salt 
is heated, nitrogen gas escapes and a phenol is formed : 

C6H5N2CI + HOH CeHsOH + N2 + HCl. 

To obtain a good yield of phenol and to avoid contamination 
with products formed in side reactions with nitrous acid, it is 
necessary to make sure (1) that the amine used has been com- 
pletely diazotized and (2) that no excess of nitrous acid remains 
in solution. To accomplish the first requirement a slight excess 
of sodium nitrite is added, and to remove the excess of nitrous 
acid formed a small quantity of urea is introduced before the 
mixture is heated. Urea decomposes the nitrous acid according 
to the equation 

C0(NH2)2 + 2 HNO2 CO2 + 3 H2O + 2 Ns. 

2 . Iodine. Potassium iodide is added to a solution of the 
diazonium salt and the mixture is allowed to stand at room 
temperature several hours. Nitrogen escapes slowly. The 
mixture is finally heated to complete the reaction : 

CeHsNsCl + KI — >• CgHsI + Ns + KCl. 

Phenol is formed at the same time through the decomposition 
of the diazonium salt by water, but the difference in the rates 
of the two reactions makes it possible to use this method in the 
preparation of phenyl iodide. 

3 . Chlorine, Momine, and cyanogen. The plan outlined in the 
last paragraph for the introduction of iodine into the ring does 
not apply to chlorine, bromine, or cyanogen. Sandmeyer dis- 
covered, however, that in the presence of cuprous chloride, 
bromide, Or cyanide the reaction is analogous to the one in 
which phenyl iodide is formed. Copper powder or fine filings 
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in connection with KCl, KBr, or KCN maybe substituted for 
the cuprous salts. Chlorine, bromine, and the CN group, there- 
fore, may be substituted for the diazo group : 

C6H5N2CI — > C6H5CI + N2. 

CeHsNaBr — ^ CeHsBr -f N2. 

C6H5N2 CN — > CgHsCN + N 2. 

4. Fluorine. Free fluorine decomposes benzene, forming hy- 
drogen fluoride and carbon, but diazonium salts react with 
piperidine to form a stable diazo piperidide, 

L/XI2 Uxl2\ 

>CH2. 

CH2— CHs^ 

Hydrofluoric acid decomposes this substance, forming fluoro- 
benzene, nitrogen, and piperidine hydrofluoride : 

/CH2— CH2\ 

C6H5--N=N-~N< >CH2 + 2 HP 

^CHa— CH2/ 

• HP. 

5. Aryl radicals. When a dry diazonium salt is dissolved 
or suspended in benzene or in any other liquid aromatic hydro- 
carbon and warmed with aluminum chloride, the diazo group 
is replaced by an aryl radical : 

C6H5N2CI + CeHe CeHs • CeHs + N2 + HCl. 

6. Hydrogen. An alkaline solution of stannous chloride acts 
upon a diazonium salt, replacing the diazo group by hydrogen, 
as shown by the following equation : 

CsHsNsCl + SnCls + 5 KOH 

CeHe + Na + S KCl + K2Sn03 -P2 H20. 

In acid solution stannous chloride reduces the compound to a 
derivative of hydrazine, no nitrogen being evolved : 

2 C6H5N2CH- 4 SnCls -f 6 HCI — ^ 2 CeHsNH • NH2 + 4 SnCk. 


/CH2— CHsv 

CeHgP + Na + CHsC >NH 

\CH2--CH2/ 


CeHs— N^N—N/ 
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7. The NO2 group. A primary aromatic amine is converted 
into a nitro-compound by dissolving the amine in cold dilute 
nitric acid, adding two equivalents of sodium nitrite, and in- 
troducing the solution slowly into a cold aqueous suspension 
of cuprous oxide : 

C0H5N2NO2 ”f“ CU2O — > C6H0NO2 “f" CU2O "h N2. 

Cuprous oxide is made by dissolving copper sulfate and glucose in hot water 
and x’endering the solution alkaline by the addition of sodium hydroxide. 
The mixture is then cooled and allowed to stand until the green gelatinous 
cupric hydroxide has been reduced by the sugar to the yellow cuprous oxide. 
The excess of alkali is then exactly neutralized by acetic acid. 

HYDRAZINES 

Hydrazine, H 2 N — NH 2 (m.p. 1.4®, b.p. 113°), fumes in moist 
air, forming a hydrate, and dissolves rapidly in cold water, 
yielding an alkaline solution containing the ions N 2 H 5 + and 
OH”. Hydrazine is made by the electrolytic oxidation of an 
ammonium salt. A viscous solution of the ammonium salt is 
required for this purpose, and glue or starch is added to impart 
this quality to the electrolsrte. Some of the derivatives of hy- 
drazine are important reagents, and among these phenylhy- 
drazine is preeminent. 

Phenylhydrazine, CqHs • NH • NH 2 (m.p. 19.6°, b.p. 243.5°), 
is a colorless, oily liquid which acquires a red color on standing 
in contact with air. It is slightly soluble in water and soluble 
in all proportions in alcohol and ether. It is a basic substance. 
With acids it forms well-crystallized, soluble salts. It is pre- 
pared by reduction of a benzenediazonium salt with an acid 
solution of stannous chloride, or by treating the diazonium 
salt with sodium sulfite, zinc dust, and acetic acid. Wlien a 
sulfite is used, the SO 3 H group is finally eliminated by boiling 
with fuming hydrochloric acid. Phenylhydrazine hydrochlo- 
ride, being almost insoluble in a concentrated solution of hy- 
drochloric acid, is precipitated. This constitutes the usual 
laboratory procedure. 

CeHs • N 2 • Cl + NagSOs — >• CeHs • Ns • SOgNa + NaCI ; 

CeHs -Ns • SOsNa + Zn-bS HC 2 H 3 O 2 

— GeHs • NH • NH • SO 3 H -b Zn(C2H302)2 + NaCsHsOs ; 

CeHs • NH • NH ‘ SGaH H- H 2 O — ^ GeHs • NH • NH 2 -b H 2 SO 4 . 
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The structure of phenylhydrazine is established by the fol- 
lowing reactions: Methylaniline is converted by nitrous acid 
into a nitrosoamine, which on reduction yields methylphenyl 
hydrazine : 

CeHs • N< 

^CHs 


NO 


+ HN 02 - 

/NO 

->C6H5-N< H-H20; 

\CH3 

1 

-b [4 H] -- 
3 

/NH 2 

CeHs • N< -f- H 2 O. 

\CH3 


CeHs ■ N<f 

x;h 

The same product is obtained from phenylhydrazine by treat- 
ment with sodium and subsequent removal of the metal by 
means of methyl iodide : 


/NH2 

CctU • N< -f Na 


/NH2 

C6H5-N< T-iHs; 
^Na 




NH 2 


.NHs 


CeHs • N< + CH3I C0H5 • N< -f 
\Na ^CHs 


NaL 


The uses of phenylhydrazine are considered in connection 
with the general reactions of aldehydes and ketones, and es- 
pecially with reference to the hydrazones and osazones of the 
carbohydrates. 


PHENOLS 


Phenols are compounds derived from aromatic hydrocarbons 
by substituting hydroxyl groups for hydrogen atoms in the ring. 
The aromatic nucleus may be a simple benzene ring, or it may 
contain condensed rings as found in naphthalene, anthracene, 
or phenanthrene. The feature that distinguishes a phenol from 
an aromatic alcohol is the attachment of the hydroxyl group 
to a carbon atom of the nucleus. It is attached to a side-chain 
carbon atom in an alcohol. Thus the formula C7H7OH repre- 
sents three phenols and one alcohol : 

CH3 CH3 CHs CH2OH 



OH 

o-CresoI »i-Cresol j)-Cresol Bcnayl alcohol 

Phenols are classified as monohydric, dihydric, or polyhydric 
on the basis of the number of hydroxyl groups attached to the 
nucleus. The termination ol is used to denote the presence of 
alcoholic as well as phenolic hydroxyl. Thus benzyl alcohol 
may be called phenyl carbinol, and the hydroxy toluenes are 
commonly called cresols. The hydroxy derivatives of the 
xylenes are called xylenols. 

Although phenol is a general name referring to a class of 
compounds, it is commonly used to designate a particular com- 
pound, C0H5OH, known also as carbolic acid. 

Preparation. Coal tar is the principal source of ordinary 
phenol. Some cresols, xylenols, and related compounds occur 
with it. Phenols are prepared synthetically in several ways : 

1 . From sulfonic acids by fusion with a base :* 

C6H5SO3H d- 2 KOH CcHsOH -f K2SO3 + H3O. 

Benzenesulfonic acid Phenol 

yNHa (1) 

* Sulfanilic acid, CoH4<; , yields aniline and not pam-aminophenoi 

\sO 3 H (4) 

when fused with an alkali. 
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2. From aromatic amines through the diazo reaction. Ni- 
trous acid acts upon primary amines, liberating nitrogen and 
introducing hydroxyl in the place of the NH 2 group. In the 
aliphatic series this reaction is used to convert amines into 
alcohols. Aromatic amines yield phenols. The reactions dif- 
fer in one respect, namely, in the case of the aromatic amines 
an intermediate product — a diazonium salt — can be isolated ; 
but when heated with water, the diazonium salt yields nitrogen 
and a phenol : 

CsHsNHa + HCl + HNO 2 C 6 H 5 N 2 CI + 2 H 2 O ; 

.. C 6 H 5 N 2 CI + HOH CeHsOH + HCIH- N 2 . 

Wr 

3. From aryl halides by hydrolysis. Recent experiments 
indicate the possibility of preparing phenol from chlorobenzene 
or bromobenzene by treatment with 8 per cent aqueous sodium 
hydroxide in a rotating iron or copper bomb kept for an hour 
at 325“ to 360°.=*= 

Properties. The phenols are colorless, crystalline solids. 
The lower members have low melting points, characteristic 
odors, and strong antiseptic properties. They are only slightly 
soluble in water, the solubilities decreasing rapidly as the 
molecular weights increase. In alcohol and ether they dis- 
solve readily. They act like weak acids, the hydrogen of the 
hydroxyl being easily replaced by metals. The resulting phe- 
nolates are largely hydrolyzed by water, and are completely 
decomposed by acids. Carbon dioxide in water furnishes a 
sufficient concentration of hydrogen ions to regenerate phenol 
from a phenolate. Phenols are insoluble, therefore, in solu- 
tions of carbonates, but they dissolve in dilute solutions of 
sodium or potassium hydroxide, t The phenyl or any other 
aryl radical is more negative than an alkyl radical, and con- 
sequently an aryl hydroxide (phenol) is more acidic than an 
alkyl hydroxide (alcohol). The dissociation constant, ATa, of 
phenol is about 1.5 X 10~i®. Substitution of chlorine or bromine 
for hydrogen in positions ortho and para to the hydroxyl group 
is easily accomplished in aqueous solution by direct action of 
the halogen. In this respect the influence of the hydroxyl 
group is similar to that of the amino group. 

* William J. Hale and Edgar C. Britton, J. Jwd and Eng. Chem., 20, 114 (1928), 

fFor exceptions see Torrey and Kipper, J. Am. Chem. Soe„ 30, 836 (1908), and 
Adams, J. Am. Chem. Soc., 41, 247 (1919). 
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Phenol, GeHsOH (m.p. 41°, b.p. 182°), is commonly known 
as carbolic acid. It dissolves in fifteen times its weight of 
cold water and forms a crystalline hydrate, 2 CeHgOH • H 2 O, 
melting at 16°. At one time phenol was employed quite 
extensively in surgery, but safer antiseptics, such as iodine, 
alcohol, mercuric chloride, and m-cresol, have rendered its 
use in this connection obsolete. Phenol is used in the prepa- 
ration of salicylic acid, phenacetine, and picric acid. It is 
used also in the manufacture of bakelite and other synthetic 
plastics. 

Picric acid, or trinitrophenol, is obtained by dissolving 
phenol in concentrated sulfuric acid, then adding concentrated 
nitric acid and Heating the mixture on a steam bath. 

OH 

+ 3 HNO 3 


Phenol 

(m.p. 41°, b.p. 182°) 

Picric acid is a yellow crystalline compound. It is slightly 
soluble in cold water and the solution has a very bitter taste. 
The salts of picric acid are used in the manufacture of ex- 
plosives. They are detonated by percussion. The nitro groups 
enhance the acidic properties of the phenol to such an extent 
that picric acid is stronger than acetic acid. The trinitrophenyl 
radical is a negative group comparable to an acyl radical. 
Phosphorus pentachloride converts picric acid into picryl chlo- 
ride, a crystalline solid that melts at 83°. The chloride is 
readily hydrolyzed. Picryl chloride, (N02)3C6H2C1, acts like 
an acid chloride. Picramide, (N02)3C6H2NH2, is made from 
picryl chloride by treatment with ammonia just as any amide 
is made from an acid chloride. Picramide acts much like an 
amide of a carboxylic acid. It is hydrolyzed by a hot solution 
of an alkali. 

NH2 

N0‘>/\n02 
1 1 -hKOH 

NO2 
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CRISOLS 

According to the structure theory, there should be three cre- 
sols, or hydroxy toluenes. Three such compounds are known. 
They are all obtained from the creosote oil produced in the 
distillation of coal tar : 


CHs CHs CHg 



fl-Cresol w~Cresol p-Cresol 

(m.p. 30°, b.p. 191°) (m.p. 10°, b.p. 203°) (m.p. 34.8°, b.p. 201°) 

In physical properties the cresols resemble each other so closely 
that they cannot be separated and purified by fractional dis- 
tillation and crystallization. Each may be prepared in a pure 
state from the corresponding toluidine by means of the diazo 
reaction. p-Cresol is a decomposition product of some pro- 
teins and is found in the form of a sulfonic acid in urine. The 
cresols are decomposed by hot chromic acid or other vigorous 
oxidizing agents, unless the hydrogen of the hydroxyl group 
has been replaced by an alkyl or acyl group. Whqn the alkyl 
or acyl derivative is oxidized, the methyl group is converted 
to carboxyl. The hydroxyl group may then be restored by 
hydrolysis. 

Thymol, a constituent of the essential oils of thyme and mint, 
is obtained from the plants by extraction with aqueous sodium 
hydroxide, from which it is precipitated by neutralizing the 
base. It forms large colorless crystals (m.p. 51.5°) only slightly 
soluble in water (1 : 1100), It is volatile with steam and very 
soluble in alcohol and ether. Unlike phenol and the cresols, 
thymol in aqueous solution fails to develop a color in the pres- 
ence of ferric chloride, and with bromine water only a faint 
turbidity is produced. It is a hydroxy derivative of the hydro- 
carbon cymene (puramethylisopropylbenzene). 


HTT- riTT 



CH(CH3)2 CH(GH3)2 

Cymene Thymol 
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Thymol is used, to some extent, as an antiseptic. It is less toxic 
to bacteria than is phenol but it is said to be more effective 
than phenol in preventing the growth of molds and other fungi. 

Carvacrol (m.p. 1°) is isomeric with thymol, which it resem- 
bles in chemical and physical properties. Carvacrol is obtained 
by fusing cymene sulfonic acid with potassium hydroxide; 


CH3 

AsOsH 

CH(CHs)2 

Cymene sulfonic acid 


2 KOH 


CHs 

0 “ 


+ K2SO3 -I- H2O. 


CH(CH 3)2 

Carvacrol 


The position of the hydroxyl group is established by the fact 
that when carvacrol is heated with phosphorus pentoxide, 
o-cresol and propylene are the products formed. 


NAPHTHOLS 

The monohydroxy derivatives of naphthalene are known as 
naphthols. These compounds are of great importance on account 
of their use in the manufacture of dyes. They are prepared 
from the naphthalenesulfonic acids by fusion with potassium 
hydroxide, or from the naphthylamines by the diazo, reaction: 

C10H7SO3H + 2 KOH — ^ C10H7OH + K2SO3 + H2O. 
C10H7NH2 + HNO2 C10H7OH + N2 + H2O. 

The naphthols have the following structures : 

OH 


a-Naphthol ^-Naphthol 

(in.p. 94°, b.p. 278") (m.p. 122°, b.p. 285°) 

They form colorless, monoclinic crystals, almost insoluble in 
water, but readily soluble in alcohol, benzene, ether, and chloro- 
form. When heated with ammonia they are converted into 
naphthylamines. f 'The naphthols are oxidized by ferric chloride 
to dinaphthols, HOCiqHg * CioHoOH. At the sam.e time iron 
salts of these compounds are formed, giving colored solutions 
and colored precipitates. a-Naphthol yields a violet and 
jS-naphthol a green oxidation product. 
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Sulfuric acid acts upon the naphthols, producing substi- 
tution products known as naphtholsulfonic acids. Some of 
these are used in large quantities in the manufacture of dyes. 
The following derivatives of a!-naphthol are valuable repre- 
sentatives of the series : 


OH 


SO3H 

l-Naphthol-4- 
sulfonic acid 


OH 



SO3H 


l-Naphthol-2, 4- 
disulfonic acid 


OH 



SO3H 

l'Naphthol-4, 6- 
disulfonic acid 


Among the sulfonic acids of technical value derived from 


d-naphthol are the following : 

SO3H 



2-Naphthol-6- 2-Naphthol-3, 6- 2-Naphthol-6, 8- 

sulfoiiic acid disuifonic acid disulfonic acid 


DIHYDRIC PHENOLS 

There are three dihydroxy derivatives of benzene : 
OH OH OH 



Pyrocatechol Resorcinol Quinol 

(m.p. 105°) - (m.p. IIO”) (m.p. 170.5°) ^ 

Pyrocatechol is. obtained from several natural sources, in- 
cluding sugar beets, the leaves of wild grapes, and many resins. 
It is prepared synthetically by fusing o-phenolsulfonic acid or 
o-bromophenol * with potassium hydroxide. It is easily made 

* Ori/iochlorophenol, the chief product formed in the direct chlorination of 
phenol, is cheaper than the corresponding bromine and iodine derivatives. But 
the product formed by fusion of the chlorophenol with alkali is a mixture of oi-tho 
and meta dihydroxy benzenes, and principally the meta compound, resorcinol. It 
is not uncommon for an ortho or a para disubstitution product of benzene to yield 
meia dihydroxy benzene when fused with an alkali. The higher the fusion tem- 
perature the greater will be the yield of the mefa compound. The identification of a 
compound formed in a reaction involving fusion with a base does not determine 
the orientation of groups that were present in the molecule before fusion. 
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from guaiacol, C 6 H 4 (OH) (OCH 3 ), by heating with hydriodic 
acid : 


yOH (1) 

C6H4< + HI 

\OCH3 (2) 


C6H4/ 


OH (1) 


^OH (2) 


+ GHsL 


Guaiacol is obtained from the creosote oil fraction of beech- 
wood tar. It is a crystalline substance (m.p. 28.5°, b.p. 205°), 
having a pleasant odor and a sweet taste. Ferric chloride acts 
upon a dilute alcoholic solution of guaiacol, giving an immedi- 
ate blue color, which gradually changes to green and finally 
yellow. When heated with zinc dust, guaiacol yields anisol, 
CeHgOCHs (m.p. - 37.8°, b.p. 155.8°). 

Pyrocatechol in alkaline solution absorbs oxygen from the air. 
It precipitates gold, silver, and platinum from their salts. This 
property makes it useful as a photographic developer, and it is 
sold for this purpose under the names catechol and pyrocatechin. 

Resorcinol, resorcin, or w-dihydroxybenzene, is made by heat- 
ing m-benzenedisulfonic acid or p-chlorobenzenesulfonic acid 
with sodium hydroxide. 

Resorcinol is used in the manufacture of fluoresceine and 
other dyes. When heated with sodium nitrite, it yields the 
deep blue dye lacmoid, which turns red in the presence of hy- 
drogen ions and is used as an indicator. Resorcinol forms a 
violet-colored compound wdth ferric chloride. Lead acetate 
does not precipitate this phenol from aqueous solution — a 
test used to distinguish it from pyrocatechol. It differs from 
pyi’ocatechol also in being a much weaker reducing agent. It 
is, however, active enough as a reducing agent to precipitate 
cuprous oxide from Pehling’s solution and metallic silver from 
an ammoniacal solution of silver oxide. 

Resorcinol crystallizes from benzene in large colorless needles. 
It is very soluble in water (147 g. in 100 g, of water at 12.5°). 
It reacts with bromine water, immediately precipitating tri- 
bromoresorcinol : 

OH OH 


Br 

Resorcinol Tribromoresordnol 

(m.p. 119 °) . XiH-P- 111°) 


DH 


-{” 3 Brs 



+ 3 HBr. 
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Quinolf hydroquinone, or p-dihydroxybenzene is used exten- 
sively as a photographic developer. In reducing power it stands 
between catechol and resorcin. Oxidizing agents convert it into a 
yellow crystalline compound, known as quinone. Hydroquin- 
one crystallizes from water in colorless prisms. Its solubility in 
water at room temperature is about six parts per hundred. 

Quinone. The yellow crystalline compound known as quin- 
one is an important oxidation product of hydroquinone, of 
p-aminophenoi, of p-sulfanilic acid, and of many other para 
disubstitution products of benzene. Its empirical formula is 
C6H4O2, and its genetic relationship to the compounds men- 
tioned above leads to the assumption that its structure is 


0 


\CH 

il II 

HCv /CH 


0 

(The existence of carbonyl groups in quinone is indicated also 
by the fact that, with hydroxylamine, quinone yields a monox- 
ime and a dioxime, 

NOH 


HC/ \CH 
II II 
HC\ .CH 


and 


0 


NOH 

II 

HC/ \CH 
II II 

II 

NOH 


The monoxime is identical with nitrosophenol, a compound 
formed by the action of nitrous acid on phenol : 

OH OH 

\ A 

|-}-HONO — y [| ] -p H2O. 

^ A/ 

NO 

Phenol Nitrosophenol 
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A tautomeric equilibrium exists between the two forms; 


OH 


0 

1 


II 

A 


A 

V 

1 


V 

II 

NO 


NOH 


Oxidation of hydroquinone changes the structure of the ring 
from the benzoid to the quinoid form : 



Benzoicl form Quinoid form 


Practically all compounds having the quinoid structure are 
colored. It has been customary to attribute to this structure 
the color of quinone. The change in structure, however, is 
only one of the results attending the oxidation. There may be 
a more fundamental cause for the display of color. 

Quinone, CeH-iOa, forms an addition product with unoxidized 
molecules ofquinol, yielding quinhydrone, Cf,H 402 • C 6 H 4 (OH) 2 . 
Ferric chloride carries the oxidation to this stage and the quin- 
hydrone precipitates in the form of red prisms, having a fine 
green metallic luster. The nature of the tie between quinone 
and hydroquinone in quinhydrone is not definitely known. 

TRIHYDRIC PHENOLS 

There are three trihydroxy derivatives of benzene : 


OH OH OH 



OH 


Pyrogallol Oxyhydroquinone Phlorogluciiiol 

(m.p. 134°) (m.p. 141°) (m.p. 219°) 

Pyrogallol, pyrogallic acid, or 1,2,3-trihydroxybenzene, was 
first obtained by distilling gallic acid : 

C6H2(0H)3C00H (1,2, 3-5) — »■ CgH3(OH)3 (1,2,3) + CO 2 . 

Gallic acid Pyrogallic acid 


240 


THE CARBON COMPOUNDS 


It crystallizes in soft, white leaflets and dissolves in about twice 
its weight of water. It is a mild poison. An alkaline solution 
of this phenol absorbs oxygen rapidly, the solution at the same 
time acquiring a brown or black color. It is used as an absorb- 
ent for oxygen in gas analysis. It is employed also as a photo- 
graphic developer. 

Oxyhydroquinone, 1,3, 4-trihydroxybenzene, is prepared from 
hydroquinone by fusion with sodium hydroxide. The intro- 
duction of a hydroxyl group in this manner has been accom- 
plished in many similar cases ; the preparation of phloroglucin 
affords another example (see also Alizarin). The phenol crys- 
tallizes from ether in microscopic plates. It has no unusual 
properties nor important uses. 

Phloroglucmol, phloroglucin, 1,3,5-trihydroxybenzene, was 
first obtained from phloridzin, a glucoside occurring in the 
roots and bark of many trees. It is now made by heating re- 
sorcin with sodium hydroxide. Oxygen is absorbed from the 
air by the fused alkaline mixture. 


OH 


OH 


JOH 


+ f O2 


HOl jOH 


Phloroglucin exhibits the properties of ketones as well as of 
phenols. It reacts with hydroxylamine, :^delding a trioxime, 
and on the other hand it combines with three molecules of 
phenylisocyanate, yielding CoHsCO • CO • NH • C 6 H 5 ) 3 , indicat- 
ing the presence of three hydroxyl groups. The compound 
exists in tautomeric forms as follows : 


HO—C-^ \C —OH 

! li 

HC^C/™ 


OH 


Ha 

o=c/^ \c=-o 



0 


Sodium amalgam acts rapidly upon an aqueous solution of the 
compound, introducing six hydrogen atoms with the forma- 
tion of the completely saturated hexahydrophldroglucin. 
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Aromatic ethers are derivatives of the phenols. Anisol, 
CeHsOCHs, is made by warming a mixture of potassium 
phenolate and methyl iodide: 

CoHsOK + CHsI — ^ CeHsOCHs -f- KL 

Anisol is a liquid. At its boiling point, 155°, it is decomposed 
by hydrogen iodide : 

CeHsOCHs + HI -— >■ CeHsOH + CH 3 I. 

The ethers in which both radicals are aromatic are made 
by the action of dehydrating agents on the corresponding 
phenols. Aryl halides will not react with phenolates. Diphenyl 
ether, CeHs — 0 — CcHr, (m.p. 26.9°, b.p. 259°), is made by heat- 
ing phenol with zinc chloride : 


2 CoHsOH — > CcHs—O— C 0 H 5 + H 2 O. 



ALCOHOLS, ALDEHYDES, AND KETONES 

ALCOHOLS 

The aromatic alcohols are colorless liquids and solids derived 
from aromatic hydrocarbons by substituting a hydroxyl group 
for hydrogen in a side chain. Or they may be regarded as de- 
rivatives of the aliphatic alcohols in which hydrogen atoms of 
the alkyl radicals have been replaced by aromatic radicals. 
Benzyl alcohol, CeHs • CH2OH, is a typical primary alcohol. 
Diphenyl carbinol, CeHs • CHOH • CeHs, and triphenyl carbinol, 
(C6H5)3C0H, are examples of secondary and tertiary aromatic 
alcohols. 

The primary alcohols may be prepared by reduction of the 
corresponding aldehydes or by the action of silver hydroxide or 
potassium hydroxide on compounds having halogen atoms in 
side chains. Secondary alcohols are usually made from ketones 
by reduction ; and tertiary aromatic alcohols are obtained by 
oxidizing hydrocarbons having three aryl groups attached to 
the same carbon atom, or by the action of alkalies on tertiary 
halogen derivatives of the hydrocarbons. Secondary and ter- 
tiary alcohols are readily prepared from aldehydes and ketones, 
respectively, by means of the Grignard reaction. 

Benzyl alcohol, CeHs • CH2OH (b.p. 206 °), is a colorless 
liquid having a faint, pleasant odor. On standing exposed to 
the air it acquires the odor of almond oil owing to the forma- 
tion of benzaldehyde. In the form of esters of acetic, benzoic, 
cinnamic, and salicylic acids it occurs in many fragrant flowers 
and in resins and balsams. It is used extensively in the prepara- 
tion of artificial perfumes. It is readily prepared by reducing 
benzaldehyde with sodium amalgam and water or by shaking, 
for several hours, a mixture of equal volumes of benzaldehyde 
and a cold saturated aqueous solution of potassium hydroxide. 
In the latter process half of the benzaldehyde is oxidized to 
benzoic acid and half is reduced to benzyl alcohol : 

2 CgHs • CHO -f KOH CeHs • COOK + CeHs • CH2OH. 
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Benzyl alcohol is isomeric with the cresols, but differs from 
them in being less soluble in alkalies, in the ease with which it 
is oxidized, and in the character of the oxidation products. 

Phenylethyl alcohol, CeHs • CH 2 • CH 2 • OH (b.p. 221°), is 
made from ethylene oxide and phenyl magnesium bromide. 


CH2 

1 

CHa' 


^0 + CeHsMgBr — 5 - CeHs • CH 2 • CH 3 • OMgBr. 


The addition product is hydrolyzed by cold water, yielding 
phenylethyl alcohol, magnesium hydroxide, and magnesium 
bromide. The alcohol acquires the odor of hyacinths when ex- 
posed to air, owing to the formation of phenylacetic aldehyde. 


ALDEHYDES 

The most important aromatic aldehydes are those having 
the group — GHO attached directly to the benzene ring. Those 
having the — CHO group attached to carbon in a side chain 
behave, in all respects, like aliphatic aldehydes. The aromatic 
aldeh 3 ?'des resemble their aliphatic analogues in reactions with 
phenylhydrazine, hydroxylamine, hydrogen cyanide, and with 
most oxidizing and reducing agents, but those having the 
— CHO group attached to carbon of the nucleus differ from 
the aliphatic compounds in their behavior toward ammonia, 
strong bases, and Fehling’s solution. The typical reactions 
of this group will be considered in connection with benzal- 
dehyde. 

The aromatic aldehydes are prepared by the following general 
methods: 

1. Oxidation of a primary aromatic alcohol. In some cases 
dilute nitric acid can be used for this purpose. 

3 CgHbCHsOH + 2 HNO 3 3 CeHsCHO + 2 NO + 4 H 2 O. 

2. Application of heat to a mixture composed of the salt of 
an aromatic acid and a formate. 

CeHs • GOONa -hHCOONa GeHs • GHO + Na 2 C 03 . 

3. Hydrolysis of a compound having the group — CHCI 2 
attached to the ring. 

CeHs • CHCI2 + H2O — ^ CeHs • CHO + 2 HCl. 
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This is accomplished by heating the chloride under pressure 
with a solution of sulfuric acid or of calcium hydroxide. 

4. The action of carbon monoxide and hydi’ogen chloride on 
an aromatic hydrocarbon. Dry cuprous chloride and alumi- 
num bromide are used as catalysts (Gattermann’s reaction). 
Formyl chloride, H • COCl, probably is formed through the 
union of the two gases. 

CoHe + H • COCl CeHg • CHO + HCI. 

Benzaldehyde, CgHo • CHO (m.p. — 56°, b.p. 179.5°), is a 
colorless oily liquid having the odor of bitter almond oil. It 
is present in bitter almonds and in cherry kernels in the form 
of a glucoside called amygdalin. Amygdalin has the empirical 
formula C20H27NO11. On hydrolysis it 3 nields benzaldehyde, 
glucose, and hydrocyanic acid. 

Benzaldehyde is made, commercially, by oxidizing toluene 
with 65 per cent sulfuric acid and powdered manganese dioxide 
at 40°. It may be made by any of the general methods listed 
above. 

Benzaldehyde reduces an ammoniacal solution of silver 
hydroxide, but fails to reduce Pehling’s solution. Concentrated 
aqueous solutions of alkalies change benzaldehyde into benzoic 
acid and benzyl alcohol. This is an example of the Cannizzaro 
reaction. With ammonia benzaldehyde forms hydrobenzamide, 
(CgHs ' CH) 3 N 2 . It reacts with hydroxylamine, yielding ben- 
zaldoxime, a compound that exists in two stereoisomeric forms. 
As obtained in this reaction the oxime is in the form of prismatic 
crystals which melt at 35°. By treatment with hydrochloric 
acid (which forms a salt of the oxime) and subsequent removal 
of the acid by means of sodium carbonate, the oxime is obtained 
in the form of slender needles melting at 130°, We have here 
an example of geometrical isomerism. The two oximes have 
the formulas 

n TT 

and jl 

HO— N 

Benza«fo‘aldoxime 
(m.p. 35 °) 

The syn compound, that is, the one having the hydrogen and 
hydroxyl on the same side of the molecule, melts at the lower 
temperature. It reacts with acetic anhydride forming an acetyl 


CoHs— C— H 


N— OH 

Benzs 2 /waldoxime 
(m.p. 130°) 
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derivative from which the original oxime may be obtained by 
hydrolysis. When the anti compound is warmed with acetic 
anhydride, a molecule of water is eliminated from the oxime 
molecule, and phenyl cyanide is produced. The fact that water 
is easily removed from the high-melting oxime led the early 
chemists to assign the syn structure to this compound.. It is 
now known that the anti structure is the one from which 
phenyl cyanide is obtained. The oximes formerly called syn 
compounds are now regarded as having the anti structure, and 
vice versa. 

KETONES 

The aromatic ketones are prepared by the following methods : 

1. The action of an acid chloride on an aromatic hydrocarbon 
in the presence of aluminum chloride. 

2. The distillation of a salt or a mixture of salts of aromatic 
acids. 

3. The oxidation of an aromatic secondary alcohol. 

Acetophenone, CH 3 • CO • CoHs (m.p. 20°, b.p. 202°), is a 

typical example of the mixed aliphatic-aromatic ketones. It 
is a crystalline compound having an agreeable odor. It is 
used in medicine as a soporific and is dispensed under the name 
of hypnone. It is usually made by treating a mixture of ben- 
zene and acetyl chloride with dry aluminum chloride : 

CHs • COCl + CeHo --»■ CHs • CO • CeHs + HCl. 

A special method for making acetophenone by passing the 
mixed vapors of acetic acid and benzoic acid over thorium oxide 
at 450° is also practical. 

Benzophenone, CgHs • CO • CeHs (m.p. 48.5°, b.p. 306.1°), 
a colorless crystalline compound, is practically insoluble in 
water but fairly soluble in alcohol and in ether. It dissolves 
in sulfuric acid and precipitates unchanged when the acid is 
diluted with water. It is readily nitrated and chlorinated. 

Benzophenone may be prepared by heating benzoyl chloride 
and benzene with aluminum chloride or by distilling a salt 
of benzoic acid : 

(CeHs ■ COOIsCa —5- CsHg • CO • CeHs + CaCOs. 

Calcium benzoate Benzophenone 
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Sodium amalgam, or zinc and potassium hydroxide, may be 
used on alcoholic solutions of benzophenone for the prepara- 
tion of benzhydrol, CeHs * CHOH ■ CeHs, a secondary alcohol 
which crystallizes in needles, melting at 68°. Red phosphorus 
and hydrogen iodide reduce the ketone to the corresponding 
hydrocarbon, diphenylmethane. 

When a saturated solution of benzophenone in 50 per cent 
alcohol is exposed to the ultraviolet rays of a mercury vapor 
arc lamp, the ketone is reduced by the alcohol to benzpinacoL 
The reduction product is less soluble than the ketone and it 
precipitates in a very pure state. 

OH 

CeHs-C-CeHs 

2 CeHsCOCeHs + C2H5OH — ^ | + CH3CHO. 

CsHs-C-CeHs 

1 

OH 

Benzpinacol 
(m.p. 186 °) 

Benzophenone exists in four forms, having the following melt- 
ing points: a-benzophenone, 48.5°; ^S-benzophenone, 26.5°; 
7 -benzophenone, 45°-48° ; 5-benzophenone, — 51°. The only 
stable modification under ordinary temperature conditions is 
the one that melts at 48.5°. 

Like other ketones, benzophenone reacts with phosphorus 
pentachloride, hydroxylamine, phenylhydrazine, and the alkyl 
and aryl magnesium halides. Some of these reactions are out- 
lined in later chapters. 


AROMATIC ACIDS AND THEIR 
DERIVATIVES 


The principal methods for preparing the aromatic acids are 
the following : 

1. Oxidation of aromatic hydrocarbons having one or more 
side chains. 

2. Oxidation of aromatic alcohols and aldehydes. 

3. Hydrolysis of nitriles. 

Benzoic acid, CeHs ■ COOH (m.p. 121.7°, b.p. 249.2°), is a 
colorless crystalline compound which occurs in many resins 
and particularly in gum benzoin. It has been isolated from 
cranberries and some other fruits. It is found in coal tar also. 
On a commercial scale it is made by chlorinating hot toluene, 
then hydrolyzing the resulting benzotrichloride by boiling it 
with water and calcium hydroxide: 

CeHs • CHs + 3 Ch CeHg • CCI 3 + 3 HCl ; 

CgHs • CCI 3 + 2 H 2 O — CeHs • COOH -f 3 HCl. 

Benzoic acid is only slightly soluble in cold water (1 : 144 at 
20°). It is twenty times as soluble in boiling water. It is 
volatile with steam and is usually purified by distillation with 
steam. When the dry acid is heated with lime, it yields ben- 
zene and carbon dioxide. 

The sodium salt of benzoic acid has mild antiseptic proper- 
ties. It has been used extensively as a preservative for foods. 
The pure food law permits this practice if the amount of sodium 
benzoate used is specified on the label of the container. 

Benzoyl chloride, CeHs * COCl (b.p. 197.2°), is a colorless 
liquid with a disagreeable odor. Its fumes have an irritating 
effect upon the eyes, causing tears. 

The benzoyl group, GeHsGO—, may be substituted for hy- 
drogen in a hydroxyl or an amino group by mixing an alcohol, 
a phenol, or an amine with benzoyl chloride (Schotten-Baumann 
reaction). The reaction is promoted by the presence of an al- 
kali, which absorbs the liberated halogen acid. 
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Benzoyl chloride is made by treating benzoic acid with phos- 
phorus pentachloride or by the action of chlorine on benzalde- 
hyde ; 

CoHo • COOH + PCI5 — > CeHo ■ COCl + POCU + HCL 
CoHo • CHO + CI2 — ^ CeHs • COCl + HCL 

Benzamide, C 0 H 5 • CONH 2 (m.p. 130°), is obtained from ben- 
zoyl chloride through the action of ammonia. It is soluble in 
hot water, but precipitates in the form of colorless plates when 
the solution is cooled. It acts like a weak acid, dissolving 
readily in alkaline solutions, with the formation of salts of the 
type CoHo • CONHM (M = metal). When benzamide is heated 
with phosphorus pentoxide, benzonitrile is formed : 

CoHs • CONH 2 — CgHs • CN -f- H 2 O. 

Nitrohenzoic acids. m-Nitrobenzoic acid is prepared by the 
direct action of nitric acid on benzoic acid. It crystallizes 
in plates melting at 141°. The o-nitrobenzoic and p-nitrobenzoic 
acids are. made from the corresponding nitrotoluenes by oxida- 
tion with potassium peimianganate. o-Nitrobenzoic acid has a 
sweet taste. The meto compound and para compound are bitter. 

Anthmmlic acid, o-aminobenzoic acid, C7H7NO2, is obtained 
from o-nitrobenzoic acid by reduction with tin and hydrochloric 
acid. NO 2 

Acooh 

o-Nitrobenzoie acid 
(m.p. 14T.5“) 

On a commercial scale it is made from phthalimide by hydroly- 
sis to phthalamic acid and subsequent treatment with chlorine 
and sodium hydroxide. 

/CO\ 

NH + NaOH 

, Phthalimide Salt of phthalamic acid 

AcONHs , , . XT nxT 

[ JcOONa 

A Anh2 

( JcoONa ^ ^ 



sCONHs 

JeOONa 


iNn2 

Acooh 


Anthranilic^aoid 
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Another interesting synthesis of anthranilic acid is accom- 
plished by boiling o-nitrotoluene with a solution of potassium 
hydroxide. An intramolecular oxidation and reduction occurs. 



O NHa 

COOK 


+ H2O. 


Anthranilic acid is soluble in water and in alcohol. It has a 
sweet taste. Its methyl ester has an agreeable odor resembling 
that of orange blossoms. It is used in the manufacture of 
perfumes. 

Sulfobenzoic acid. o-Sulfobenzoic acid is made by oxidizing 
o-toluenesulfonic acid. It is a colorless crystalline compound 
melting at 141°, At higher temperatures it gradually loses 
water and forms an anhydride. 

Achs Acooh AcO\ 

I JsOgOH MsOaOH I JsGsA’ 

o-Toluenesulfonic acid o-Sulfobenzoic acid Sulfobenzoic anhydride 

The anhydride combines with phenol when a mixture of the 
two reagents is warmed with zinc chloride. The resulting 
compound, phenolsulfophthalein, is a valuable indicator in 
the determination of hydrogen ion concentrations (see also 
Phenolphthalein, p. 281). 



Phenolsulfophthalein 


A derivative of sulfobenzoic acid, known as saccharin, is 
manufactured in large amounts. It is approximately five 
hundred times as sweet as cane sugar, and although it has no 
dietetic value, it is used extensively as a substitute for sugar. 
It is made by oxidizing the amide of o-toluenesulfonic acid 
with potassium permanganate. The amide of o-sulfobenzoic 
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acid is the oxidation product, but when heated it yields water 
and benzoic sulfimide, or saccharin : 


AcHs 

MSO2NH2 



Acooh 

I Js02NH2“~^ 


V 



Benzoic sulfimide 


Salieylie acid, or o-hydroxybenzoie acid, HO ■ C0H4 • COOH, 
occurs in nature as a constituent of the glucoside salicin, in 
the bark and leaves of the willow. The methyl ester of salicylic 
acid, HOCfiHiCOOCHs, is present in oil of wintergreen. The 
ester is made in large quantities for use in the manufactm’e of 
artificial flavors and perfumes. 

Salicylic acid is made commercially by heating sodium phenol- 
ate with carbon dioxide under ten atmospheres of pressure. 
At 100° the carbon dioxide is absorbed, forming sodium phenyl 
carbonate. At 120°--140° sodium salicylate is formed : 


ONa 

~f" CO2 


OCOONa 


OH 


COONa 


It may be prepared also by fusing o-sulfobenzoic acid with 
potassium hydroxide or by the action of nitrous acid on anthra- 
nilicacid. 

Salicylic acid is soluble in hot water. It crystallizes from 
water in colorless needles, melting at 159°. With ferric chloride, 
in neutral solution, it acquires a violet color. This color test 
distinguishes o-hydroxybenzoic acid from the corresponding 
meia and para, compounds. 

When dry salicylic acid is heated with lime, it yields phenol 
and carbon dioxide. When heated alone to 160°-200°, it yields 
phenyl salicylate, carbon dioxide, and water: 



■>" 


Aoh 

AcOOCfiHs 

Phenyl salicylate 


+ CO2 + H2O. 


Phenyl salicylate is used in medicine and is dispensed under 
the name of salol It is usually prepared by heating a mixture 
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of sodium salicylate, sodium plienolate, and phosphorus oxy- 
chloride. Acetylsalicylie acid, commonly called aspirin^ is an- 
other derivative of hydroxybenzoic acid that has therapeutic 
value. It is made by heating salicylic acid with acetyl chloride 
or with acetic anhydride : 


lOH 

JcooH + CH^CIOCl 


Salicylic acid 


AOCOCH 3 _ 
l^COOH 

Acetylsalicylie acid 


Other derivatives are used in the manufacture of dyes and in 
the synthesis of perfumes. The annual production of salicylic 
acid in the United States exceeds 3000 tons. 

Cinnamic acid, CeHr, ■ CH : CH • COOH, is an example of 
the type of aromatic acids having the carboxyl group in an 
unsaturated side chain. Benzaldehyde reacts with an acetate 
in the presence of acetic anhydride, forming cinnamic acid (see 
Perkin’s reaction, p. 415). 

Two stereochemical structures are possible for the acid : 

CgHs—C— H GfiHs— G— H 

II and ' II 

H— C—COOH HOOC— C— H 

Trans ' Cis ■ 

Four modifications of cinnamic acid are known. Ordinary?’ cin- 
namic acid (m.p. 133°) has the trans structure. The cis for- 
mula has to be assigned to the other three acids — allociniiamic 
acid (m.p. 68°), and two isocinnamic acids, one melting at 58° 
and the other at 42° — for these three forms are all obtained 
by reduction of phenylpropiolic acid, 

CoHs— C=C— COOH. . ^ ; 

This constitutes an interesting case of trimorphism. The 
compound has a definite and constant chemical structure, but 
it crystallizes in three different forms. It can be made to 
crystallize in either of the three forms by^ inoculating the molten 
mass with a small crystal of the desired kind. 

The dissociation constants of a few aromatic acids are 
shown in the table on the next page, For a definition of Ka 
see page 81. 



Acid 




Per Cent Ionized in 


K( 


A 0.1 M Solution 

CoHsCOOH 

6.1 

X 

10-4 

7.84 

ClCoH-iCOOH (0) 

1.32 

X 

10-3 

11.29 

CIC 6 H 4 COOH (m) ...... . 

1.55 

X 

10-4 

3.87 

ClGeaiCOOH (p) . 

9.3 

X 

10-s 

3.05 

BrCcH-iCOOH ( 0 ) 

1.45 

X 

10-3 

12.04 

BrCoH.iGOOH (m) . 

1.37 

X 

10-4 

3.70 

HOCoI-IiGOOH ( 0 ) ...... . 

1.02 

X 

10 -s 

1.01 

HOCdH-iGOOH (m) 

8.7 

X 

10-s 

2.94 

HOCflHdGOOH ip) 

2.8 

X 

10 -s 

1.67 

NO 2 C 6 H 4 GOOH ( 0 ) 

6.16 

X 

10-3 

24.82 

NO 2 C 0 H 4 GOOH (m) 

3.5 

X 

10-4 

5.91 

NO 2 C 6 H 4 GOOH (p) 

3.9 

X 

10-4 

6.24 

GH 3 CGH 4 GOOH ( 0 ) 

1.2 

X 

10-4 

3.46 

GH 3 C 0 H 4 GOOH (w) 

5.1 

X 

10 -s 

2.25 

GHaCflHiGOOH (p) 

5.1 

X 

10-5 

2.25 

CflHsCHcGOOH 

5.5 

X 

0 

1 

2.34 

NHsCaH-iGOOH ( 0 ) 

1 

X 

10-5 

1.00 

CflH.t(G00H)2 ( 0 ) (A'l) ... . . 

1.21 

X 

10-3 

11.00 


DICARBOXYLIC ACIDS 

The three benzene dicarboxylic acids are the simplest and 
most important dibasic aromatic acids. They are known as 
ori/iophthalic, ^weitaphthalic, and paraphthalic acids. 


COOH 

"^COOH 


COOH 


COOH 


o-Phthalie acid 
(phthalie) 


COOH 


OT-Phthalic acid 
(isophthalic) 


COOH 

p-Phthalie acid 
(terephthalic) 


They may be prepared from the corresponding xylenes by boil- 
ing with dilute nitric acid or from the toluic acids b^?' oxidation 
with alkaline permanganate solution. The ortho compound, 
ordinary phthalie acid, is manufactured commercially by oxi- 
dizing naphthalene with sulfuric acid. Mercury is used as a 
catalyst. The acid crystallizes in colorless prisms, melting be- 
tween 184° and 213°. Failure to melt sharply at a definite 
temperature is due to its gradual loss of water, with the produc- 
tion of an anhydride, When either of the phthalie acids is 
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mixed with lime and heated gently, the first product formed is 
benzoic acid. At a higher temperature the benzoic acid is con- 
verted into benzene. Carbon dioxide is evolved in each step. 

Phthalic anhydride is made by distilling phthalic acid or by 
passing a mixture of air and naphthalene vapor over hot vana- 
dium oxide. It is used in the manufacture of phenolphthalein, 
the phthalein dyes, anthraquinone, and phthalimide. 

Phthalic anhydride crystallizes in long, slender needles, melt- 
ing at 130.8°. It takes up water very slowly, but dissolves 
rapidly in an alkaline solution, forming a salt of phthalic acid. 

Phosphorus pentachloride acts upon phthalic anhydride, 
forming phthalyl chloride. This compound exists in two forms. 
One form, having a symmetrical structure, melts at 16°. The 
unsymmetrical chloride melts at 8S°-89°. 




V 


sCOCl 

Icoci 


and 



Phthalimide is made by passing ammonia over hot phthalic 
anhydride: 

+ NHs + H 2 O. 


Phthalic anhydride 
(m.p. 130.8“) 


Phthalimide 
(m.p. 238°) 


When potassium hydroxide is added to an alcoholic solution 
of phthalimide, potassium phthalimide is precipitated. The 
latter reacts readily with aliphatic halides : 



^0 

;'>NK-f-C2H5Br 

\o 



NCsHs+KBr. 


On hydrolysis the alkyl derivative of phthalimide yields a 
primary amine : 


)^)>NC 2 H 5 + 2 H 2 O 

Ho 


|COOH 

IcOOH 


+ C2li5NPl2. 


For other applications of this reaction (Gabriel’s synthesis) 
see pages 140 and 418. 



ORIENTATION AND STERIC INFLUENCES 
OF SUBSTITUENTS 


Any systematic procedure which enables us to assign definite 
positions to atoms or groups within a molecule constitutes a 
method of determining orientation. With reference to side 
chains or other substituents in cyclic compounds, two general 
methods of determining orientation have been developed. 

The relative method. A new derivative of benzene can usually 
be converted into a derivative of known structure by reactions 
which do not change the relative positions of the substituents, and 
thereby the structure of the new compound is revealed. For ex- 
ample, let us assume that the structures of the three cresols are 
known . r’TT 

OJtls \^xl3 VyJHLs 


\OK 


JOH 


Ori/tocresol 
(m.p. S0°) 


Jtfctacresol 
(m.p. 10°) 


Paracriisol 
(m.p. 34.8°) 


Three mononitro derivatives of toluene are known. One of 
them melts at 51.3°. Suppose the problem before us is that of 
deciding which of the following possible structures should be 
assigned to this particular compound : 


CHs CH, CHs 



NO2 


By reducing the nitro compound with tin and hydrochloric acid 
the corresponding amino derivative is obtained : 



NH2 
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The amino group is readily replaced by hydroxyl through the 
diazo reaction, and the resulting phenol is 


CHs CHs CHs 



OH 


From the nitro compound melting at 51.3® we obtain a phenol 
(in this case a cresol) melting at 34.8°. Our compound is, 
therefore, paranitrotoluene. Similarly, a nitrotoluene melt- 
ing at 15.5° yields a cresol melting at 10° and is therefore a 
metonitro compound, while a nitrotoluene melting at 10.5° 
yields a cresol which melts at 30°, and we assign to it the ortho 
structure. The or^/mnitrotoluene, on reduction, yields a tolui- 
dine which boils at 200.7°. Metonitrotoluene, when reduced, 
yields metotoluidine, boiling at 203°, and the para compound 
gives rise to crystalline solid toluidine, melting at 43° and boil- 
ing at 200.5°. From this point on, the toluidines and the nitro 
compounds, as well as the cresols, may serve as known struc- 
tures, to which new compounds may be referred. 

The relative method is based upon the assumption that a 
few structures for reference have been definitely established by 
other means. It is necessary, therefore, to determine the struc- 
tures of a limited number of compounds without reference to 
known derivatives. The most successful plan for accomplish- 
ing this is Korner’s absolute method of orientation. 

The absolute method. There are three xylenes : 


CHs CHs CHs 



CHs 


One of them melts at — 53.6°, one at — 27.1°, and the other at 
13.2°. The corresponding boiling points are 139°, 144°, and 
138°. Which of the three formulas should be assigned to the 
compound that melts at — 53.6°, and which corresponds to each 
of the other sets of physical properties? On treatment with 
nitric acid, the xylene melting at — 27.1° yields two different 
mononitro derivatives. It is possible to obtain three isomeric 
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mononitroxylenes from the one that melts at — 53.6®, but only 
one mononitroxylene is formed from the compound melting at 
13.2°. Now, paraxylme can form only one monosubstitution 
product, for the four hydrogen atoms remaining in the ring are 
similarly located in a symmetrical molecule. The nitro group 
must become attached to the ring, ortho to one methyl group 
and meta to the other : 

QnOs 

CHs 

From metaxylene three mononitro derivatives may be formed : 
CHs CHa CHg 

0 NO 2 

CHs 

NO2 

and from the ortho compound two and only two monosubstitu- 
tion products can be prepared : 

oils vjxlg 

AcHs 

I Jno2 

N 02 

Hence the xylenes melting at — 53.6°, -- 27.1°, and 13.2° are 
meta, ortho, and para compounds respectively. 

DIRECTING INFLUENCES OF SUBSTITUENTS 

When a monosubstitution product of benzene is converted 
into a disubstitution product, there exists the possibility of 
forming either an ortho, a meta, or a para compound, or a 
mixture of these. The three derivatives are not formed in 
equal quantities. The product is almost exclusively the -yneta 
compound, or else it is a mixture of the and para com- 
pounds. Whether the second substituent shall enter the meta 
position or shall be distributed between the or^/^o and para 
positions depends upon the group already present in the ring. 
Thus, for example, when ehlorob we obtain 
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chiefly p-chloronitrobenzene but also some of the ortho com- 
pound. If, on the other hand, we chlorinate nitrobenzene, we 
obtain, almost exclusively, w-chloronitrobenzene. The groups 
NHs, CHs, C2H5, OH, Cl, Br, I, CH2COOH, SH, CH2CI, 
CH2CN, and CoHs are among those which, if already in the 
ring, direct the entering substituent to ortho and -para positions. 
Among the groups that direct to the meta position are NO2, 
SO3H, CN, CHO, COOH, and COOR. 

The groups CCI3 and CF3 direct chlorine and bromine to 
ortho and para positions, but nitration of benzotrichloride, 
CeHsCCls, or of benzotrifluoride occurs in the meta position. 
Other irregular nitration processes have been observed. In the 
presence of a large amount of concentrated sulfuric acid aniline 
and nitric acid jdeld m-nitroaniline. 

The directing influence is never quantitative. Mixed prod- 
ucts are always obtained, although in some cases the products 
formed belong almost exclusively to one type or the other. 
The ratios between ortho, meta, and para compounds change 
with any modification of the procedure. The ratios are not 
the same for a chlorination as for a nitration, and they are in- 
fluenced by the solvent, the temperature, and other factors. 

Indirect methods are used to synthesize derivatives having 
elements of the first group meta to each other, or elements of 
the second group in ortho or para positions. For instance, 
m-dichlorobenzene may be made by chlorinating nitrobenzene, 
then reducing the nitro group, diazotizing, and warming the 
diazonium salt with cuprous chloride : 


NOi 



NO2 



HCl 

Sn 



HNO2 

CuCl 



The introduction of a third substituent into the ring brings 
into play the orienting influences of both groups already pres- 
ent. Suppose, for example, that we brominate sulfanilic acid, 

H2N<^^ ^SOsH. Both groups direct the entering bromine 
atom to the same place, namely, ortho to the amino radical, 


but the bromination of p-chloroaniline, H2N<]| ^ involves 

the introduction of the entering bromine meto to either chlorine 
or the amino group, in opposition to the influence of a radical 
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of the first list. In this ease the bromine enters the ring orikG 
to the amino group, indicating that the influence of theNHo 
group is greater than that of chlorine. In p-aminophenol bro- 
mination occurs ortho to the hydroxyl group. Attempts have 
been made to list the principal radicals in the order of their 
power to determine the orientation of substituents in the ben- 
zene nucleus, but the place assigned to a group in such a series 
varies as determined by different types of reactions. 

Many attempts have been made to reduce the empirical rules 
of substitution reactions to a definite system. Some of the more 
fruitful efforts in this direction may be summarized briefly. 

Crum-Brown and Gibson rule.f If the radical already present 
forms a compound with hydrogen which can be readily and 
directly oxidized to a corresponding hj^'droxyl derivative, the 
entering substituent will take the meta position; otherwise it 
will enter the ortho-para positions. Thus, CHO forms the 
compound H • CHO, which is oxidized to H ■ COOH without 
the formation of an intermediate product, but NH2, by addi- 
tion of hydrogen, yields ammonia, HNH2, which cannot be 
converted in one step into NH2OH. The former, therefore, 
governs the meta and the latter the ortho-para positions. 

Fliirscheim’s theory. Adopting Werner’s theory of valence, 
Flurseheimf assumes that the affinity of any free atom is 
evenly distributed over its surface, but when this affinity or 
part of it is used in holding other atoms, it may become con- 
centrated in small areas, the distribution being dependent upon 
the environment and the nature of the atoms attached. An 
element or group that has a strong affinity for carbon, such as 
Cl, OH, or NH2, when attached to carbon in the benzene ring 
pulls toward itself a large share of the total disposable surface 
attraction. This weakens the union between the carbon atom 
involved and the two ortho carbon atoms, leaving on the ortho 
carbon atoms a surplus of affinity for the attachment of the 
entering substituent. A nitro group, on the other hand, is sup- 
posed to be loosely bound to carbon, using less of the disposable 
affinity of the carbon atom. The union between this carbon 
atom and an adjacent atom in the ring becomes firmer, the 

*Fov a tabulation of experimental results see A. P. Holleman, Die direktc 
Einfiihrung von Substituenten in den Benzolksrn. ' 

t Crum-Brown and Gibson, Trans. Ckem. Soc., 61, 3(57 (18‘)2). 

} Plurseheim, J. prakt. Chem. (2), 179, 497 (1905). 
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major portions of their affinities being called into play in effect- 
ing the linkage between them. The ortho carbon atoms, there- 
fore, have less residual affinity than is possessed by those in 
the TOeto positions. Part of the excess of free affinity possessed 
by each meta carbon atom is used in strengthening the meto- 
para union. The residual valence of the para carbon is thus 
decreased and its activity is reduced. The surplus free affinity 
resides upon either the meta or the ortho and para carbon 
atoms, as determined by the type of union that exists between 
the ring and the substituent already present. 

The electron theory. In the early days of the development 
of tlie electron theory it was assumed that chemical union was 
due to the complete passage of an electron from one atom to 
another rather than the sharing of electrons between the atoms 
involved. In harmony with this view each atom in a compound 
was represented as having an integral number of unit positive 
charges corresponding to the number of electrons it had lost 
or an integral number of negative charges corresponding to the 
number of electrons gained. Thus the formula of chloroform, 
CHCI 3 , was written : jj 

(■"• ■ 

C1=±CJ-G1 

4“ I -r 


Cl 


The signs indicated that the carbon atom had acquired an 
electron from hydrogen and yielded an electron to each of the 
three chlorine atoms. 

The transfer of electrons between carbon atoms was repre- 
sented as taking place in the direction that would leave one 
atom as fully oxidized (positive) as possible and the adjacent 
carbon atom as completely reduced as possible. There is con- 
siderable evidence in support of the view that alternating po- 
larities exist in carbon chains and rings. 

The idea of a complete transfer of electrons from one atom 
to another, in compounds that do not ionize, has been aban- 
doned . Chemists generally agree, now, that the electrons in- 
volved in a chemical bond are shared by the positive kernels 
of the two atoms concerned. When the union is between dif- 
ferent kinds of atoms it Is assumed that the electrons are drawn 
nearer to the electronegative element, and Stieglitz has suggested 
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that we may still use, with advantage, the plus and minus signs 
to indicate even a slight displacement of electrons from the 
central position between any two atoms in a compound. With- 
out specifying the extent of the electronic displacement we may 
consider hydrogen positive with respect to oxygen in the hy- 
droxyl group, and this difference in character maybe indicated 
by a plus sign over the symbol for hydrogen and a minus sign 
over the symbol for oxygen. Electrochemical differences be- 
tween other atoms may be indicated in the same way. 

Assuming that a group substituted for hydrogen in the 
benzene ring induces alternate positive and negative charges 
on the atoms in the ring, we should have the following orienta- 
tions of charges in phenol and nitrobenzene : 


OH NO 2 



If, now, we make the further assumption that substitution 
occurs on the relatively negative carbon atoms, we have an expla- 
nation of most of the reactions of benzene. 

Latimer and Porter have written a formula for benzene based 
upon the following considerations: 

1. There are thirty valence electrons in the benzene molecule 
— an average of five electrons per carbon atom. 

2. In stable molecules atomic nuclei are not associated with 
odd numbers of electrons. There is a tendency for each carbon 
atom to complete its octet, but when this is impossible, there 
will be a distribution of such a character as to leave an even 
number of electrons for each atom. 

3. The benzene molecule is symmetrical. 

In harmony with these facts the distribution of the electrons 
is assumed to be approximately as follows : 

H 


00 



00 


H 


H 
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Each alternate carbon atom has a complete octet ; each of the 
others has a sextet. The lone pairs of electrons may shift from 
one carbon atom to the next, the result being analogous to 
the effects of shifting the alternate double bonds in the Kekul4 
formula. When an atom carrying a negative charge is substi- 
tuted for hydrogen, the carbon to which it is attached retains 
only six electrons, the para and the two ortho carbon atoms 
each having eight. When the atom substituted for hydrogen 
in the ring has a positive residual charge, the nuclear carbon 
to which it is attached will hold a complete octet. 

Thus for bromobenzene and nitrobenzene we have 

Br NO 2 

O r u 

(s sj 

With the formation of a monosubstitution product the pos- 
sibility of an electronic rearrangement disappears. In the sub- 
stituted ring the six and eight positions are relatively fixed. 
The eight positions are meta to a nitro group and ortho-para to 
bromine, and this orientation of electrons determines the posi- 
tion to be taken by the next entering group. It is obvious that 
this formula may be written in the form' proposed by Stieglitz. 
It is only necessary to indicate by plus signs the carbon atoms 
sharing six electrons and by minus signs those having complete 
octets. 

By estimating the magnitude of the charge on the atom 
attached to the ring, it is possible to draw a fairly sharp line 
between the groups that direct to the meta position and those 
that cause ortho-para orientation.* 

Ingold and his associates have accounted for the orienta- 
tion of substituents in the benzene ring by an extension of the 
Flurscheim theory. A critical discussion of the system is be- 
yond the scope of this book. The papers listed below are recom- 
mended for study : 

J. Allan and R. Robinson, J. Soc., 1926, 376. 

Holmes and Ingold, J. Chem. Soc., 1926, 1306, 1684. 

Ingold, Rec. cMm. Pa?/s-Bas, 48, 797 (1929). 

* For a discussion of tWs system see Latimer and Porter, J. Awt. Chem. Soc., 62, 
200 (1930). 
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ENHANCED ACTIVITY 

Bromine acts slowly upon benzene, forming bromobenzene and 
hydrobromic acid. A catalyst is required to accelerate the reac- 
tion in order to make it a practical method of preparation. If we 
introduce a hj^-droxyl gi’oup or an amino group into the ring, then 
the ortho and para hydrogen atoms of the resulting phenol or 
amine are at the same time rendered more reactive. Even a 
dilute solution of bromine in water immediately precipitates tri- 
bromophenol and tribromoaniline from solutions of phenol and 
aniline. Iodine replaces the hydrogen atoms ortho to the hy- 
droxyl group in tyrosine when iodine is added to an aqueous 
alkaline solution of this amino acid. The reaction occurs at 0® C. 
and the di-iodo derivative separates in crystalline form when 
the excess alkali is neutralized by acetic acid. Phenylalanine 
fails to react with an alkaline hypoiodite solution in this way. 

In the aliphatic series similar effects have been observed. It 
will be recalled that the carbonyl group enhances the activity 
of hydrogen on the a-carbon atom. This effect is noticed in the 
aldol condensation, in the reactions of acetoacetic ester and 
malonic ester, in Perkin's synthesis, and in the chlorination of 
saturated acid chlorides. The capacity of a carbonyl group to 
accelerate the hydrolysis of an adjacent carbon-oxygen bond is 
revealed by the fact that ethers are hydrolyzed with great diffi- 
culty, whereas esters and acid anhydrides are readily hydrolyzed. 

The chlorine in chlorobenzene, is very firmly held ; but chlo- 
rine in trinitrochlorobenzene is extremely reactive. A commer- 
cial method for making picric acid is based upon this increased 
activity of the halogen atom. Chlorobenzene is nitrated and 
the halogen is subsequently replaced by hydroxyl by merely 
boiling with water. The para hydrogen in an amine or phenol 
is much more active than hydrogen in unsubstituted benzene. 
Upon this enhanced activity depends the formation of the azo 
dyes, triphenylmethane dyes, and phthaleins. 

DIMINISHED ACTIVITY 

When carbon tetrachloride is warmed with benzene in the 
presence of aluminum chloride or with bromobenzene and 
sodium, three of the chlorine atoms are replaced by phenyl 
radicals, but the fourth chlorine atom is not removed by 
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these reagents. The ease with which triphenylchloromethane, 
(C 6 H 5 ). 3 CC 1 , triphenylmethane/ (C 6 H 5 ) 3 CH, and triphenyl- 
carbinol, (CcHfOsCOH, are formed and the failure to secure 
tetraphenylmethane, (CoH 6 ) 4 C, under similar conditions, led 
Victor Meyer to the conclusion that there was not room enough 
for the direct attachment of four phenyl radicals to a single 
carbon atom. He believed that three such groups and one 
smaller radical could be packed into the space around the 
methane carbon without forcing any one of them out to a 
point beyond the central atom.’s range of attraction, but the 
fourth large group was excluded for lack of room. Meyer re- 
ferred to this phenomenon as steric hindrance. 

The diminished activity of an atom or group between two 
side chains on the benzene ring was explained also as due to 
steric hindrance. Aniline and toluidine form addition products 
with alkyl halides, but if side chains be introduced in both 
positions, ortho to the amino group, addition of an alkjd halide 
either fails to occur or takes place very slowly. Similarly, ben- 
zoic acid, with an alcohol, readily forms an ester ; o-toluic acid 
reacts more slowly and 2, 6-xyiic acid can hardly be esterified 
at all by the usual direct method. 


CMs CHs 



Benzoic acid o-Toluic acid 2, G-Xylie acid 


It has been shown, however, that the failure to form such 
compounds as tetraphenylmethane and esters of di-ortho sub- 
stituted acids is not due to lack of room for an entering group. 
By indirect means Gomberg made tetraphenylmethane, and 
instead of being an unstable compound, as would be expected 
if the phenyl groups were crowding each other away from the 
central carbon atom, it proved to be a very stable substance, 
melting at 285° and distilling unchanged at 431°. A di-o^7^o 
substituted acid which fails to form an ester when treated with 
alcohol may be esterified by the action of its silver salt on ethyl 
iodide, and, when formed, the ester is not readily hydrolyzed. 
Steric hindrance, therefore, is not due to insufficient space for 
the attachment of a large group. It is a retarding of the rate 
of change due in some degree, perhaps, to obstruction afforded 
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by the suirounding groups, but due primarily to chemical in- 
fluences of the ortho substituents, comparable to the accelerat- 
ing effects of the various groups discussed under Enhanced 
Activity. 

The interference or hindrance varies with the chemical na- 
ture of the groups occupying the ortho positions, and in its 
effect upon the rate of ester formation from aromatic acids it 
increases in the following order : chlorine, alkyl radical, hy- 
droxyl, bromine, iodine, nitro group. 

Benzoic, trimethylbenzoic, and trinitrobenzoic acids were 
warmed with methyl alcohol and hydrogen chloride for three 
hours. The per cent of acid esterified is indicated under each 
formula. 


COOH 



Benzoic acid, 
90% esterified 


COOH 

CHsAcHs 


COOH 

NO2ANO2 


CHs 

Trimethylbenzoic acid, 
48% esterified 


NO 2 

Trinitrobenzoic acid, 
6 % esterified 


Results of another esterification experiment are given below. 
The acids were mixed with methyl alcohol and hydrogen chlo- 
ride, and held at a temperature of 20° for eight hours ; 


COOH COOH COOH 



Salicylic acid, ^-Hydroxjmaphthoie acid, «-Antliraeene carboxylic acid, 
34% esterified 3% esterified no ester formed 


Ortho substituents do not retard esterification if the carboxyl 
group is remote from the ring. It is difficult to esterify tri- 
methylbenzoic acid, but trimethylphenylacetic acid reacts with 
alcohol as rapidly as does benzoic acid : 

CHs CHs 

CH3<^]^CH2 • COOH 
CHs CH, 

Trimethylbenzoic add, Trimethylphenylacetic acid, 

dowly esterified . . ; . : rapidly esterified 


It is possible to account for this effect on the purely physical 
basis of steric hindraiice • the carboxyl group in trimethyl- 
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phenylacetic acid being beyond the protective influence of 
the methyl radicals. It is equally easy, in this case, to apply 
the chemical theory, for removal of the carboxyl group from 
the ring would virtually nullify, or it might even reverse, the 
chemical influence that the ortho substituents exert upon it. 
If steric hindrance were due to physical rather than to chemical 
influences, then long side chains should be much more effective 
than short ones. As a matter of fact, there is little, if any, 
difference in the potency of aliphatic hydrocarbon radicals, 
and no alkyl radical, however long, produces a hindering in- 
fluence comparable to that of the nitro group.* Hufferd and 
Noyes t have measured the rates of esterification of xylic acids, 
(CH3)2C6H3C00H, and have obtained results which they be- 
lieve support Meyer’s theory that ortho substituents actually 
shield the carboxyl group from reagents that would otherwise 
reach it, 

* For a. summary of the literature relating to steric hindrance, see A. W. Stewart's 
"Stereochemistry.” 

t Hufferd and Noyes, J. Am. Chem. Soc., 43, 925 (1921). 

See also Adams and Yuan, Cham. Rev., 12, 261-338 (1933). 


FREE RADICALS 


In 1900, Gomberg* prepared hexaphenylethane by the ac- 
tion of finely divided metallic zinc or silver on a solution of 
triphenylchloromethane : 

2 (CgH 5)3CC1 -f- 2 Ag — ^ (C6H5)3C • CCCgHgIs + 2 AgCL 

Unlike an ordinary saturated hydrocarbon, this compound 
dissolved in benzene or ether, with the development of color 
(yellow). The color was discharged when the solution was ex- 
posed to the air and a crystalline peroxide, 

(C6H5)3C • 0 • 0 • C(C6H5)3, 

precipitated. The hydrocarbon absorbed bromine and iodine, 
with the formation of triphenylmethyl halides, (CeHglsCBr 
and (C 6 H 5 ) 3 CI. It therefore behaved like a highly unsatu- 
rated compound, but, unlike compounds having multiple bonds, 
it formed halogen addition products with only one halogen 
atom in each molecule. This unusual behavior of the hydro- 
carbon led Gomberg to conclude that the solution contained free 
half-molecules of hexaphenylethane, namely, triphen 3 dmethyl, 
(C 6 H 6 ) 3 C— . Further study confirmed the opinion that in 
nonpolar as well as in ionizing solvents hexaphenylethane dis- 
sociates, establishing an equilibrium between the free radicals 
and the undissociated molecules: 

(C6H5)3C C(C6H5)3 2 (C6H5)3C- — . 

The molecular weight of the hydrocarbon, determined by 
the cryoscopic method, was found to be 480 in benzene and 407 
in naphthalene. The calculated value for the undissociated 
molecule is 486. 

With more complex groups attached to the tertiary carbon, 
much larger yields of free radicals are obtained. Thus, for 
example, phenyldibiphenylchloromethane, when dissolved in 

* Gomberg, J. Am. Chem. Soc., 08, 757 (1900). Gomberg, Ber., 38, 3150 (1900). 
Gomberg and Bachmann, J. Am, Chem. Soc,, 58, 2455 (1930). 
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benzene and treated with molecular silver, yields a product 
which is 80 per cent dissociated : 

C6H5--C6H4\ 

2 CeHs— C6H4-^CC1 + 2 Ag 
CeHs/ 

CeHs— C6H4\ /CqH4~C6Hs 

CeHs— C gHAC— C f-C6H4— CoHs 
CeHg/ II ^GeHs 

CgH5-C6H4\ 

2 CoHs— C6H4-^C— . 

CeHs/ 


Tribiphenylmethyl chloride with silver in dry benzene yields 
the free radical only. That is to say, hexabiphenylethane in 
dilute benzene solution is 100 per cent dissociated into tri- 
biphenylmethyl, (CgHs • C6H4)3C — . 


< o - o > 

< 0-0 


Cl -b Ag 



C— +AgC] 


oo > 


These radicals, as they exist in solution in benzene, are not 
the ions of an electrolyte. The benzene solution is not a 
conductor of electricity. In liquid sulfur dioxide and in other 
ionizing solvents they are good conductors of electricity, the 
dissociation being of such character that the pair of electrons 
constituting the valence bond between the ethane carbon atoms 
are both held by the same radical (the negative ion). In non- 
polar solvents the dissociation results in the formation of two 
identical electrically neutral radicals. 

The preparation of free radicals involves a fine technique. 
The radicals combine rapidly not only with air, water, and 
the halogens, but from complex addition products with many 
types of so-called saturated organic compounds such as phenols, 
alcohols, esters, and some ethers. They are sensitive to light 
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and heat, undergoing various types of rean’angement or de- 
composition. Triphenylmethyl, for example, is converted by 
hydrogen ions into benzhydryltetraphenylmethane, 


On, 

NNN 

\ / 


// 0 > 

c'—<( N 

V N. 


Benzhydryltetraphenylmethane 


It yields two satmuted hydrocarbons under the influence of 
light : 



All these free radicals yield colored solutions. One or two 
representatives of the group are colorless at low temperatures, 
but color develops when they are warmed. Most of them are 
colorless in the solid state. Gomberg attributes the color in 
every instance to the formation of the quinoid structure in one 
of the rings, assuming an equilibrium of the following type : 
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(CH3)2N<(3>" 


Evidence of the existence of divalent nitrogen has been found 
in the behavior of substituted tetraphenylhydrazines, such as 

CH30<C^\ 

N— N and 

CH 30 < ^<y^OCH3 

2?-Tetra-anisylhydraKine 

(CH3).N<;:>\ /<I>N(CH3)3 

N— N 

^<C^N(CH3)3 

Tetradimethylaminophenylliydrazine 

These compounds form addition products and in solution have 
molecular weights below the calculated values for undissociated 
molecules.* 

Conant and his colleagues have prepared many derivatives 
of dixanthyi corresponding to the general formula 

R 

R 

These compounds are soluble in bromobenzene. In this solvent 
they dissociate and, if air is not excluded, they yield crystalline 
peroxides of the following type : f 

R 

yC6H4\^ I /C 6 H 4 V 

0< >0— 0— 0— C< >0 

\C6H4/ nC6H4'^ 

■ R 

Branch and Smith t oxidized carbazole by means of moist 
silver oxide to secure dicarbazyl : 


(to 


Ag20 


NH 



+ H20 + 2Ag 


0 


* Wieland and Gambarjan, Ber., 39, 1499 (1906). Hantzsch, Bcr., 39, 2478 
(1906). 

t James B. Conant and Mildred W. Evans, J. Am. Chem. Soc., 51, 1925 (1929). 
$ Branch and Smith, J. C/im. jSoc., 42, 2405 (1920). 
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It was reasonable to assume that this hydrazine derivative 
might dissociate to a greater extent than did Wieland’s com- 
pounds. The reaction did not proceed in exact accordance 
with the above equation. An unsaturated nitrogen compound 
was formed, but its structure was not definitely established. 

A substituted ammonium radical was obtained in the form 
of an amalgam by McCoy and West.* * * § Tetramethylammonium 
chloride was decomposed by electrolysis in the presence of a 
mercury cathode. The radical (CH3)4N, acting like a free 
metal, formed an amalgam with the mercury. 

Attempts have been made to obtain compounds of univalent 
oxygen,! bivalent arsenic,! trivalent silicon,! and radicals of 
other elements, but most of these attempts have been unsuc- 
cessful. 

Hexaphenylsilicoethane, (C6H5)3Si • Si(CeH5)3, displays none 
of the properties of hexaphenylethane. It is a very stable com- 
pound that melts above 300 °, has no color in any solvent, and 
forms no peroxide. 

A solution of 6 fs-lead triphenyl, (CGH5)3Pb • Pb(C(}H5)3, ac- 
quires a weak color at high temperatures but forms no peroxide 
and gives no other evidence of dissociation. 

* H. N. McCoy and F. L. West, J. Phys. Cheni., 16. 261 (1912). 

t Pummerer and Frankfurter, Ber., 47, 1472 (1914). Porter and Thurber, J. Am. 
Chem. Soc., 43, 1194 (1921). Goldschmidt, Schulz, and Bernard, Aww., 478, 1 (1930). 

t Porter and Borg.strom, J. Am. Chem. Soc., 41, 2048 (1919). 

§ Schlenk, Renning, and Racky, Ber., 44, 1178 (1911). 


DYES 


A dye is a colored compound which is capable, either directly 
or with the aid of a mordant, of imparting a permanent color 
to textile fibers. The practical dyer lists such substances in two 
principal groups ; (1) those that dye fibers directly (substantive 
dyes), and (2) those that require mordants (adjective dyes). 

The mordants commonly employed are aluminum, iron, chro- 
mium and tin salts, tannic acid, calcium phosphate, albumin, 
and finely divided silica. The choice of mordant is determined 
by the character of the dye. 


AZO DYES 


Any primary aromatic amine may be diazotized by nitrous 
acid (see page 224). The reaction is usually carried out by 
adding sodium nitrite to an acid solution of an amine salt. A 
diazonium salt is thus formed. 


N^N 


“f” HNC)2 


+2H20. 


When the excess of acid in the solution is neutralized by the 
addition of a base, the diazonium salt is converted into a diazo 
compound. . 


N^N 


N=N—0H 


-fOH- 


The reaction is reversible. Strong acids regenerate diazo- 
nium salts from the diazo compounds. 


N=N-— OH 




+ H+ 


4-H2O. 
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The diazo compound can exist in the presence of weak acids 
as well as in the presence of bases. A hydrochloric acid solu- 
tion of benzenediazonium chloride is converted into benzene- 
diazo hydroxide by the addition of sodium acetate. 

Diazo compounds and diazonium salts combine with phenols 
and with aromatic amines forming azo dyes. 


-N=N' 

Bnnzenediazo hydroxide 


OH + <f~^OH 


Phenol 



+ HOH. 

Hydrosyazobenzene 


It is the hydrogen atom para to the hydroxyl group in the 
phenol that is replaced. If the para position is occupied by 
any element or group other than hydrogen, coupling occurs 
in an ortho position; and if the para and both ortho positions 
are so occupied, then coupling usually fails to occur and no 
dye is formed. In rare instances a para substituent is replaced 
by the diazo group. The same rules apply to the union of a 
diazo compound with a tertiary amine such as dimethylaniline. 

When a primary or secondary amine is coupled with a diazo 
compound, an intermediate product, known as a diazoamino 
compound, is usually formed by replacement of hydrogen at- 
tached to nitrogen. Thus diazotized aniline combines with un- 
changed aniline, yielding diazoaminobenzene in the form of 
golden-yellow plates. When this is warmed with hydrochloric 
acid or aniline hydrochloride, a rearrangement occurs and the 
hydrochloride of aminoazobenzene is precipitated in the form 
of steel-blue needles. 


N^N^OH + H2N~<^^ 


Diazoaminobenzene 


<I>-n=n-nh-<3> 

N=N— <( NH2. 


Aminoazobenzene 


In any case where a diazoamino compound is formed, this 
rearrangement may be induced by warming a solution of the 
compound with an acid or with an excess of the corresponding 
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amine hydrochloride. It is an application of the Hofmann 
reaction (pages 214 and 447). 

Helianthine. Dimethylaminoazobenzenesulfonic acid, or he- 
lianthine, is prepared by mixing cold aqueous solutions con- 
taining equivalent quantities of diazotized sulfanilic acid and 
dimethylaniline hydrochloride. The sodium salt of the com- 
pound is the yellow dye known as methyl orange. It is used 
as an indicator in the titration of acids and bases. Its sensitive- 
ness to changes in the concentrations of hydrogen and hydroxide 
ions — the property that makes it a valuable indicator — ren- 
ders it useless as a dye. The preparation of methyl orange is 
represented by the following equation : 


N=N— OH 

^ +0>-N< 

SOsNa 


.CHa 


CHs 

CHs 


N=N— >— n/ +H 2 O 

A. ^ ^ ^CHs 


SOsNa 


In acid solution methyl orange is converted into the red dye 
helianthine. In alkaline solution the process is reversed. The 
color change is due to a structural rearrangement in the mole- 
cule. These compounds are electrolytes, and the colored ions 
are represented by the following formulas : 



yCHs *'" »■ 

:N-<^ >— N< NH™-N=<J>: 

>. / ^CHa /\ 


SO3- 

Methyl orange (anion, yellow 
in alkaline solution) 



+ /CHs 

^Nc; 

^CHs 


Helianthine (Zwitter ion, red in 
acid solution) 


An ion bearing a positive charge in one position and a negative 
charge at another point is called a Zwitter ion. Helianthine 
displays this type of ionization. The reversible color change 
takes place when the hydrogen ion concentration of the solu- 
tion is varied between values corresponding to pH = 3.1 and 
pH = 4.4. The pH of a solution was defined by means of an 
equation in the chapter on monobasic acids. 

Similar changes in structure are produced by acids and bases 
on methyl red. M red is made by adding dimethylaniline 
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hydrochloride to a solution of diazotized anthranilic acid and 
sodium acetate. The dye is red in acid solution and yellow in 
alkaline solution. The change in color occurs within the range 
of pH=4 and pH= 6 . 

Tetrazo compounds, formed from benzidine with the naph- 
thols, naphthylamines, and related bodies, constitute the Congo 
group of dyes. The latter possess the valuable property of 
dyeing cotton without mordants. 

Congo red is formed from diazotized benzidine and naphthi- 
onic acid : 

NH2 


HO— N=N<^^]^]^<T^N=N— OH + 2 


SO 3 H 

NHa NH. 



The substitution of tolidine, 



for benzidine shifts the color of the dye toward the violet end 
of the spectrum. Red predominates in all dyes derived from 
benzidine by coupling with naphthylamines. The correspond- 
ing naphthol derivatives display bluer shades. Tetrazotized 
dianisidine combines with a-naphtholsulfonic acid to produce 
a pure blue dye called benzoazurine. 



SO 3 H 


Bensoazurine 


SO3H 
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TRIPHENYLMETHANE DYES 

Triphenylmethane, (C 6 H 5 ) 3 CH, crystallizes in colorless 
prisms, melting at 93°, and boiling without decomposition at 
359°. It is prepared by the following methods : 

1. From benzal chloride and benzene in the presence of 
aluminum chloride : 

CeHs • CHCI 2 + 2 CsHs — ^ CeHs • CH(C6H5)2 + 2 HCL 

2. From chloroform or bromoform and phenyl magnesium 
bromide : 

CHBrs + 3 CeHsMgBr — ^ CH(C6H5)3 4- 3 MgBra. 

3. From benzaldehyde and benzene by warming the mixtuie 
with zinc chloride : 

CeHsCHO + 2 CeHe — ^ (CeHslsCH + H 2 O. 

Many beautiful and valuable dyes are derived from this com- 
pound. The commercial methods employed in the preparation 
of these dyes do not involve the synthesis of triphenylmethane, 
but their relationship to this hydrocarbon has been traced by 
direct synthesis, as indicated in the following examples : 

hNOs NO.CeH*^ ^^C6H4N02 
C 0 H 5 / \h ^ NOsCeH,/ \oH 

Triphenylmethane Trinitrotriphenyl carbinol 

Sn + HCl H.NCcH4\^/CeH4NH, 

H 2 NC 6 H 4 / 

Triaminotriphenylmethane 
(leuco-base of p-rosaniline) 

Beginning with the leuco-base of the dye, the parent sub- 
stance, triphenylmethane, may be obtained through the diazo 
reaction. 

The leuco-base of a triphenylmethane dye is colorless. Mild 
oxidizing agents, such as nitrobenzene and lead dioxide, con- 
vert the leuco-base into a carbinol, called a color-base, which 
also is Colorless. Dyes are derived from the color-base by the 
action of acids. The reaction, which is discussed later, consists 
of the addition of the acid to an amino group and subsequent 
elimination of water, with the establishment of a quinoid 
structure in one of the benzene rings. 


276 



THE CARBON COMPOUNDS 

The time required to complete the change in structure can 
be varied between a few seconds and several hours by control 
of the hydrogen ion concentration and the temperature. The 
process is reversible. Hydroxide ion reconverts the dye to 
the colorless color-base, water being taken up by the dye in 
alkaline solution, and simultaneously the quinoid ring goes 
back to the benzoid form. 

Malachite green. The leuco-base of tetramethyldiamino- 
triphenylmethane, or malachite green, is formed by the action 
of zinc chloride on a mixture of benzaldehyde and dimethyl- 
aniline. The leuco-base is oxidized to the color-base by lead 
dioxide and hydrochloric acid. The dye is obtained in the 
same reaction owing to the presence of hydrogen ions which 
bring about the dehydration and change of structure. 


<C>CHO + 


Benzaldehyde 


<d>N(Cft)2 

<^3>N(CH,)2 

Dimethylaniline 


<L_>-y ^ + H20 


Leueo-base of malachite green 




Color-base of malachite green 


+H20. 

'^<^~>=N(CH3)2C1 

Malachite green 

^ Crystal violet. Phosgene gas is absorbed by dimethylani- 
line, with the formation of tetramethyldiaminobenzophenone. 
Hydrogen chloride produced at the same time combines with 
the excess of dimethylaniline and with the ketone : 
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C==0 

\ci <;[^N(CH3)2 
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C=0 + 2HCI. 

'^<3D^N(CH3)3 

Michler’s ketone 


When warmed with phosphorus oxychloride a mixture of 
tetramethyldiaminohenzophenone (Michler’s ketone) and di- 
methylaniline yields the color-base of crystal violet: 


(CH3)3N<^3> 


\ 




CO + <(]^N{CH,), 




\ 


(ch,)2N<^^/ 6h 


C-<2^N(CH3)2. 


Color-base of crystal violet 


The carbinol, or color-base, is converted into the dye, hexa- 
methyltriaminotriphenylmethane, by treatment with an acid : 

X >N(CH3)3 
(CH3)sN<y~)>— C"^ 

Color-base 

^N(CH3)a 

(CH 3 ) 3 N<~>-cf ^ , + H3O. 


y — -' "'" V ” 


Crystal violet 

Like malachite green and other members of this class, crys- 
tal violet dyes silk and wool directly, but cotton is dyed only 
with the aid of a mordant such as tannic acid. 

Methyl violet difters from crystal violet only in having one 
methyl group less in the molecule. It is pentamethyltriamino- 
triphenylmethane. The crystals have a bronze luster. The 
dye is 'produced from dimethyla,niline by oxidation with cupric 
chloride, the methane carbon being derived from one of the 
methyl groups of the amine. 
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Pararosaniline. This dye is obtained by oxidizing a mixture 
of p-toluidine and aniline with nitrobenzene: 


h2n<;^^]^ch3 + 


<0>NH3 


[O 2 ]* — V 

-4l- C— OH + 2 H 2 O. 


Color-base of pararosaniline 

HsN/ >-C— oh + H+ 
\<^NH2 


^ V 

/<^_\NH2 

H2N<:f“>-C +H 2 O. 


Pararosaniline 


Closely related to this compound is another dye known as 
rosaniline or magenta. It is produced by oxidizing a mixture 
containing equimolecular quantities of aniline, o-toluidine, and 
p-toluidine. As in the case of pararosaniline, the methyl group 
in p-toluidine furnishes the methane carbon atom. Mercuric 
nitrate, nitrobenzene, or arsenic acid may be used to effect the 
oxidation. 

<(^NH2 

H2N<^ ^CH3 + 

CHs 


+ H 20 . 


OH\ — / r 

Color-base of magenta 

The chloride of this color-base forms large crystals having a 
bronze metallic luster. 

* Brackets are used to indicate the fact that free oxygen gas will not serve this 
purpose. 
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CH 3 

H2N<^_J>C + HCl 




NH 2 


CHs 

>-H2N<f^-C +H 2 O. 

^ vr>=»i« 


Magenta 

Many other dyes of this type have been made by oxidizing 
various mixtures of aromatic amines. 

Chrysaniline, a yellow dye, is formed in small quantities as 
a by-product in the manufacture of pararosaniline. Its pro- 
duction is due to part of the aniline molecules condensing with 
toluidine through loss of hydrogen ortho to the amino group. 
The leuco-base of chrysaniline has the formula 


ftN< >-C NHj 

i'O 


When this compound is oxidized by means of lead dioxide, the 
hydrogen on the central carbon atom is removed in the forma- 
tion of water. At the same time water is formed by removal 
of hydrogen from the ori/jo amino group and from an ortho 
position in one of the other aniline residues. Two rings are 
thereby linked together through nitrogen as well as through 
the methane carbon. The resulting structure is 


/<ty>NH, 
HzNcfty— C— 


X\Anh2 


or 



NH 


It is a typical representative of the acridine group of dyes. 
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The colors of the basic triphenylmethane dyes range from 
jT-ellow to violet, and seem to be determined primarily by the 
character and number of groups substituted for hydrogen in 
the amino groups. Yellow, red, green, and violet representatives 
of the class have been mentioned. A blue dye is obtained by 
heating pararosaniline with an excess of aniline in acetic acid. 
The product formed, known as rosaniline-blue, has the follow- 
ing structure : 

/C6H4 • NH . C0H5 
C(-C 6 H 4 - NH ■ CeHo 
NCoHiiNI-KCeHslCaHsOs 

Only three phenyl groups can be substituted for amino hydro- 
gen, one in each amino gi’oup. The corresponding compound 
with a phenyl group in only one of the amino groups is violet, 
and the diphenyl derivative is bluish violet. 

Dyes of similar structure, having one or more of the phenyl 
groups of triphenylmethane replaced by naphthalene and an- 
thracene radicals, have been prepared also. Victoria blue, for 
example, is made by treating tetramethyldiaminobenzophenone 
(Michler’s ketone) with phenyl-a-naphthylamine ; and chrom 
violet is made in a similar way from tetramethyldiaminobenz- 
hydrol and salicylic acid. 


^CioHg:NH{C 6 H 5 ) 
CC-CgIH • N(CH 3)2 
\CgH4 • N(CH3)2 

Victoria blue 


14 :N(CH 3 ) 

. NCCHs) 
X^rr/OH 


''H XT 

Oeils 


\COOH 


Chrom violet 



The amino derivatives of triphenylmethane are basic dyes. 
The con'esponding hydroxy compounds are acidic. The acidic 
dyes are less important than the basic dyes ; for, as a rule, 
they fail to impart fast colors to textile fibers. Aurim and 
rosolic acid, typical members of the group, are obtained from 
pararosaniline and rosaniline, respectively, by the diazo re- 
action: 


/CfiH 4 NH 2 

HCfCGH 4 NH 2 

\CGH4NH2 

Pararosaniline 


HNO 


2 yC 6 H 40 H 
^ inUi;— -U6XI4U1I 

NggH-iOh 

Leuco-base of aurino 


The dye is formed by oxidizing the leuco-base. An inter- 
mediate carbinol or color-base is undoubtedly produced, but it 
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is unstable and has not been isolated. It loses water at once, 
with the establishment of a quinoid structure ; 


/C6H4OH 
HO— C^C6H40H 
\C6H4OH 

Color-base 


/C6H4OH 

C^C6H40H-{-H20. 
^C6H4 : 0 
Aurine 


The color-bases of the monohydroxy and dihydroxy triphenyl- 
methane derivatives are fairly stable and are known in the free 
state. The acidic dyes are colored in alkaline solution and 
colorless in acid solution. 

THE PHTHALEINS 


Phenolphthalein. Phenol condenses with phthalic anhydride 
when heated with anhydrous zinc chloride, forming phenol- 
phthalein : 



hOoh 

H<:yT>OH 



The compound is colorless in neutral and in acid solutions 
and red in alkaline solutions. It is used extensively as an indi- 
cator, for the color change is almost instantaneous and it oc- 
curs within a very narrow range of hydrogen and hydroxide 
ion concentrations, near the true neutral point. A base acts 
upon phenolphthalein, forming a salt> eliminating a molecule of 
water, and thereby establishing a quinoid structure. An acid 
reverses the process : 



+ H2O. 


The colored form of phenolphthalein is produced by the 
addition of one more equivalent of base, which reacts with 
the remaining hydroxyl group. 
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This also is a reversible process : 



The salts ionize and they are quite soluble, but the acid, assum- 
ing the anhydride form, is un-ionized and only slightly soluble 
in water. 


In the presence of a large excess of a base the red color of 
phenolphthalein gi’adually fades until the solution becomes color- 
less. The mechanism of this change is indicated by the following 
equation : 




(Red in dilute alkaline (Colorless in concentrated 

solution) alkaline solution) 


Phenolphthalein is a colorless crystalline solid which melts at 
261°. It dissolves readily in alcohol, but it is only slightly 
soluble in water. It is used in medicine as a laxative. 

Fluoran. Condensation of phenol with phthalic anhydride 
occurs to some extent in the ortho position, and the resulting 
phthalein loses water spontaneously, forming an oxygen linkage 
between the rings ; 



Fluoran 


Fluorescein. Resorcin couples with phthalic anhydride, the 
point of attachment being ortho to one and para to the other 
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of the hydroxyl groups. At the same time water is eliminated 
from the ortho hydroxyl groups and fluorescein is produced ; 




An alkaline solution of the dye appears green by reflected light 
and red by transmitted light. It is easily brominated, being 
thereby converted into the beautiful red dye eosine, 


Br 



Uosino 


ALIZARIN DYES 

Nitric acid oxidizes anthracene to anthraquinone : 



H 0 


Anthracene Anthraquinone 

The structure of anthraquinone is established by its synthesis 
from phthalic anhydride and benzene in the presence of alumi- 
num chloride, and by a study of the oxidation products of its 
derivatives. 

Anthraquinone is a yellow crystalline substance which melts 
at 285°. When warmed with zinc dust in alkaline solution, 
it is reduced to anthraquinol, the sodium salt of which has a 
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deep red color. When the red solution is shaken with air, the 
color fades rapidly, owing to atmospheric oxidation. 



Anthraquinone Anthraquinol 


The most important derivative of anthraquinone is alizarin, 
a compound that forms, with metallic oxides, beautiful, in- 
soluble dyes. Cloth to be dyed is immersed in a solution of a 
salt that is readily hydrolyzed. It is then steamed to hydrolyze 
the salt and deposit on the textile fibers a film of the metallic 
oxide. The mordanted cloth is then immersed in a solution or 
suspension of alizarin. The color produced in the fiber depends 
upon the mordant used. Aluminum and tin oxides yield red 
colors; calcium oxide, blue; feme oxide, violet-black; and 
chromium oxide, a claret color. 

Alizarin was formerly obtained from madder roots, and was 
the most highly prized vegetable dye known to the ancients. 
During the first half of the nineteenth century the annual pro- 
duction of madder was approximately 70,000 tons. In 1869 
alizarin was synthesized by Graebe and Liebermann, and in- 
dependently by Perkin. It is now made in large quantities 
by modifications of their methods, and, as a result, the cultiva- 
tion of madder has been abandoned. 

Sulfuric acid acts upon anthraquinone to produce /3-anthra- 
quinone sulfonic, acid,* and this, when fused with potassium 
hydroxide, in the presence of air, yields a salt of alizarin : 



-h 4 KOH + O 2 



CO OK 


CO 


+K 2 S 04 + 3 H 2 G. 


* An a-a«Ifonie acid is produced when the sulfonation is catalyzed by a mercury 
salt. Both sulfonic acids are formed in any case, but the two reactions are not 
equally catalyzed by the mercury salt. 
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The presence of two hydroxyl groups in alizarin is proved 
by its analysis and by its formation from phthalic anhydride 
and catechoL The hydroxyl groups must occupy ortho posi- 
tions, as they do in catechol, but the method of preparation 
does not settle the question as to whether the two hydroxyl 
groups are in a-jS or in (3~^ positions : 


CO OH CO 



CO CO 


I II 

Alizarin forms two mononitro derivatives, and in each case the 
nitro group enters the ring to which the hydroxyl groups are at- 
tached, for on oxidation each yields phthalic acid and not a nitro- 
phthalic acid. The ring containing the two hydroxyl groups is 
very susceptible to further oxidation, even though the same ring is 
nitrated. From formula 11 only one mononitro compound could 
be made by substitution in the oxidized ring, but two isomeric 
nitroalizarins would be expected from formula I. Alizarin is, there- 
fore, n-jd-dihydroxyanthraquinone, corresponding to formula I. 

Indanthrene, Si dark blue dye, is produced when /3-amino- 
anthraquinone is fused with potassium hydroxide and sodium 
nitrate. It is very stable, resisting the action of oxidizing agents, 
acids, and alkalies, even at temperatures above 300°. It is 
reduced by sodium hydrosulfite in alkaline solution to a 
hydroxy derivative, which is a valuable vat dye. A vat dye 
is one that develops its color in the fiber by atmospheric oxida- 
tion after the fabric is removed from the dye bath. 



Indanthrene Anthrahydroquinoneaaine 

(insoluble blue dye) (soluble yellow vat dye) 
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THE INDIGOID DYES 

Indigo, obtained from the leaves of indigo plants, has been 
known for many centuries. Its value depends not only upon 
its beautiful blue color but also upon its stability. It is not 
changed by acids nor alkalies nor is it faded by light. It occurs 
in the plant as a glucoside, indican, CwHnOeN, which, in the 
presence of an enzyme occurring with it, is hydrolyzed by warm 
water to dextrose, C 6 H 12 O 6 , and indoxyl, 

/NH. /NHk 

C 6 H 4 <^^^CH or C6H4<^^^^CH2 

\OH 

Indoxyl, in alkaline solution, is readily oxidized by the air to 
indigo : 

/NH\ Oo /NH. /NHv 

2CoH< >CHa -Zi CoH.< >C=C< NGbH*. 

\co/ \co/ \co/ 


The commercial method of preparing the dye from natural 
sources consists of leaching the leaves of the plant with luke- 
warm water, rendering the aqueous extract alkaline by the 
addition of limewater, and churning the alkaline solution with 
paddle wheels to aerate and thus oxidize it. Extraction with 
boiling water yields the unhydrolyzed glucoside, for the activity 
of the enzyme is destroyed at that temperature. 

Since 1900 the dye has been produced synthetically’-, and 
thousands of acres Of land in India, Japan, and South America, 
formerly devoted to the production of indigo plants, are now 
cultivated for the production of other crOps.^^ ^ ^ ^ 

The first successful commercial synthesis of indigo was ac- 
complished by a reaction between anthranilic acid iortfio- 
aminobenzoic acid) and chloroacetic acid : 




CH 2 COOH 


COOH 


/NH— CHs—COOH 
CbH/ + HCl. 

^COOH 


The product formed (phenylglycine-o-carboxylie acid), when 
fused with sodium hydroxide, yields indoxyl, carbon dioxide, 
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and water. The indoxyl is changed to indigo by oxidation, 
as shown above. 

Indigo is reduced in an alkaline solution of calcium hydro- 
sulfite (CaS204) and by other reducing agents with the pro- 
duction of a colorless soluble product known as indigo white. 
Textiles are soaked in solutions of indigo white, then exposed 
to the air. The color develops in the fibers of the cloth through 
atmospheric oxidation during the process of drying. Deep 
shades are produced by repeating the operation several times. 


NH NH NH NH 

/ V\/ ^ 

:0H COH CO 

Indigo white Indigo 


Thioindigo is made from thiosalicylic acid and chloroacetic 
acid by reactions analogous to those given for the production 
of indigo. It is reduced to a colorless soluble compound 
known as thioindigo white, which is changed by atmospheric 
oxidation to an insoluble red dye. 




3 S 

/\> 

c-c 

COH COH 

Thioindigo white 


i02 



Thioindigo 


Ciba violet is a representative of a group of dyes in which 
half the molecule is constituted like indigo and half like thio- 
indigo. It is a vat dye, developing a color between the red of 
thioindigo and the blue of indigo. It has the structure 
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STRUCTURE AND COLOR * 

The indigoid dyes are characterized by the group >C=C< 
between various types of condensed rings. The azo dyes have 
the group — N—N — between aromatic radicals. Each tri- 
phenylmethane dye has a benzene nucleus in the quinoid form, 

These groups were classified by Wittf as chro- 
mophores (color-producers). To this list should be added the 


groups 


0\ 
~N— N- 


-co—co- 


/C= 

>c=c< 


Many colorless compounds contain one or more of these 
gi'oups. The presence of a chromophore alone does not insure 
the appearance of color, but it is generally possible to make 
colored derivatives of compounds containing one or more of 
these groups. The fulvenes contain the last member of the 
above list of chromophores. 


CH==-=CHv 


>C=CH3 


Pulvene 
(yellow liquid) 


CH=CHs 


CH====:Ctr 


X 

Os. 


Dipiienylfulvenc 
(red crystals) 


Condensed cyclic nuclei in connection with the ethylene gimip 
usually produce colored bodies. An example of the result of 
condensing, or tying together, aromatic nuclei is found in the 
following derivatives of ethylene : 


V -V V V 

N — / \ / \___^\ / 

C=C: ■ I C=C 

^ 

N / X X X X 


Tetraphenylethylene 

(colorless) 


Djphenylenediphenylethyleue 
(colorless — yellow in solution) 


* Por an explanation of tlie origin of color based upon the electron theory, see 
G. N. Lewis, J. Am. CAew. Son., 38, 783 (1916). 
t 0. N. Witt, Ben, 21, 325 (1888). 
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C=C 




Bidiplienylene-ethylene 
(red crystals — red in solution) 


Any change in the stereochemical structure of a molecule 
modifies the character of its absorption spectrum. We have, 
for example, a colored and a colorless dibenzoylethylene ; they 
are geometrical isomers : 


H • C • CO • CoHs 


H . C • CO • CeHs 


H • C • CO • CeHs 

Colorless 


CeHs • CO • C • H 

Yellow 


Two carbonyl groups, if adjacent, impart color to the mole- 
cule; but if separated by one or more carbon atoms, this prop- 
erty disappears : 

CHs • CO • CH2 ■ CO • CHs 

Acetylacetone (colorless) 

CeHs • CO • CH2 • CO - CeHs 

Benzoylacetoplienone (colorless) 


CHs • CO ■ CO • CHs 

Diacetyl (yellow) 

CoHs • CO . CO • CeHs 

Benzil (yellow) 


To produce a red azo dye, at least one of the groups attached 
to the diazo nitrogen atoms must be heavier than a phenyl 
radical, as, for example, a naphthol or naphthylamine residue. 
Nearly all aliphatic azo compounds are colored, but they do not 
act as dyes on textiles. 

The trade names R'-salt and. G-salt are applied to the salts 
of j 8 -naphthol disulfonic acids, to indicate that these naphthol 
derivatives couple with diazonium salts to form pure red and 
yellowish red dyes, respectively {rot and gelb). 


SOsNa 



B-Salt G-Salt 


A group that modifies the properties of a colored compound 
in such a way as to make it a dye is called an auxochrome 
group. Azobenzene is colored, but it fails to dye textiles. 
Aminoazobenzene and hydroxyazobenzene are yellow dyes. 
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The auxochrome may also contribute to the determination 
of color or shade. Naphthylaminesulfonic acid and benzidine 
yield a pure red dye, whereas naphtholsulfonic acid and benzi- 
dine yield a reddish blue dye. 

With one amino group para to the methane carbon in tri- 
phenylmethane we have an orange-red dye. With two rings 
so modified the color changes to violet, and with an amino group 
in the para position in each of the three benzene rings we have 
the bluish red pararosaniline. When six methyl groups are 
substituted for the six amino hydrogen atoms in pararosaniline, 
crystal violet is produced. The introduction of three phenyl 
radicals in pararosaniline (one phenyl radical being substi- 
tuted for a hydrogen atom in each of the three amino groups) 
changes the color to blue. 


THE PROTEINS 


Compounds known as proteins constitute the major part of 
the solid matter in the skin, muscle, nerve, blood, hair, and nail 
of the animal organism. They occur also as essential constitu- 
ents of every plant. They are of the utmost importance to all 
forms of life. No substitution can be made for proteins in the 
diet. They are necessary for the continuance of life. 

The molecular weights of proteins have not been determined 
with precision, and we are hardly justified in assigning definite 
molecular formulas even to the crystalline proteins that rep- 
resent the purest types known. The ordinary criteria of purity 
(for example, sharp melting point, melting point unchanged 
by recrystallization, constant boiling point, and so on) cannot 
be applied, for proteins decompose before they melt. The best 
that can be done is to secure a homogeneous sample that can be 
recrystallized or reprecipitated without change in composition. 

Many proteins are soluble in water, but the depression of 
the freezing point and elevation of the boiling point due to a 
dissolved protein never exceed a few hundredths of a degree, 
and the probable experimental error amounts to a large per- 
centage of the total observed change. 

We have chemical means of fixing minimum values of the 
molecular weights of some proteins ; and these values in some 
cases agree with estimates made on the basis of measimements 
of the physical properties of their solutions. Hsemoglobin con- 
tains 0.33 per cent of iron. In one molecule of hemoglobin 
there cannot be less than one atomic weight of iron. From 
the proportion 0.33 : 100 = 56 : M, the minimum value for the 
molecular weight, M, is 17,000. It contains sulfur also (0.38 per 
cent). Cystine has been identified as one of the products 
formed when hemoglobin is hydrolyzed, and cystine contains 
two atoms of sulfur. There must be at least two atoms of 
sulfur in the hemoglobin molecule. From the proportion 
0.38 : 100 = 64 : M, we have for the minimum value 16,842. 
A measurement based upon sedimentation equilibrium in an 
aqueous solution of hemoglobin when subjected to a centrif- 
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ugal force gives a value of 68,000 for the molecular weight of 
the protein.* Recent osmotic pressure measurements indicate 
that in aqueous solution at the isoelectric point the molecular 
weight of haemoglobin is 68,000. f This means that each mole- 
cule of haemoglobin contains four atoms of iron. 

Egg albumin has a molecular weight of approximately 34,000, 
and this is considered a small protein molecule. Casein de- 
rived from milk contains cystine, and its minimum molecular 
weight, based upon its cystine content, is 96,000. Other ana- 
lytical results indicate that the time molecular weight is prob- 
ably 192,000. 

Though differing widely in many chemical and physical 
properties, the proteins are remarkably similar in composition. 
Most of them are composed of only half a dozen elements, and 
the relative proportions of these few elements vary between nar- 
row limits. The minimum and maximum values are as follows : 

Pbk Cent Per Cent 

Carbon . 50-55 Sulfur 0-5 

Oxygen 19-26 Phosphorus . . . . . . 0-1 

Nitrogen 15-19 Other elements 0-1 

Hydrogen 5-8 

It was realized more than a century ago that the only hope 
of securing an insight into the nature of the proteins was by 
decomposition of the complex molecules and identification of 
the simpler groups thus produced. The early researches were 
directed toward the decomposition products obtained by fusion 
with alkali or by oxidation with nitric acid or with potassium 
permanganate. 

In 1820 Braconnot hydrolyzed a protein by boiling it with 
dilute sulfuric acid and he identified glycine (aminoacetic acid) 
as one of the hydrolysis products. This was the first important 
step towards the solution of the problem. Hydrolysis of a pro- 
tein is accomplished in several ways: (1) boiling in acid solu- 
tion ; (2) boiling in alkaline solution ; (3) action of superheated 
steam ; (4) action of enzymes. Twenty amino acids have been 
definitely identified as constituents of the proteins. Some pro- 
teins contain all of them. In each of these acids an amino group 
(NHo) or an imino group (NH) is attached to an a-carbon 
atom, that is, a carbon atom adjacent to the carboxyl group. 

*T. Svedberg and Robin Pahraeus, Am. C/eem. Soc., 48, 430 (1926). 
fG. S. Adair, Proc, Boy. Soe^ lmdon, D 523 (1925). 
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AMINO ACIDS 

1. Glycine: CH2NH2 ■ COOH 

2. Alanine: CH3 • CHNH2 • COOH 

CHsv 

3. Valine: >CH • CHNH2 • COOH 

CH3/ 

CH' 

4 . Leucine : ^\CR • CH2 • CHNH2 • COOH 

CH3/ 

CH3\ 

Isoleucine: >CH . CHNH2 • COOH 

C2H5/ 

6. Phenylalanine: CoHs * CH3 • CHNHa • COOH 

7. Tyrosine: HO • CeHi • CH2 • CHNH2 • COOH 

8. Serine.: CH2OH * CHNHs • COOH 

9. Cystine: HOOC • CHNHs • CH2 • S • S • CH2 • CHNH2 • COOH 

10 . Aspartic acid: HOOC • CHa • CHNH3 • COOH 

11. Glutamic acid: HOOC • CH2 • CH2 • CHNH2 • COOH 

12. ^-HydroxtjglvMmic acid: HOOC • CH2 • CHOH • CHNHa • COOH 

/NH2 

13. Arginine: HN=C<; 

\NH • CH2 • CH2 • CH2 • CHNHa • COOH 

14. Lysine : HaN • CHa • CH2 • CH2 • CHa • CHNHa • COOH 
U. Histidine: ^CH-^ 




NH 


16, 


CH=C— CH2 • CHNHa • COOH 
ProUne: CH2--CH3 


CH2 CHCOOH 


\r'^ 


IH 

n. Oxyproline: CB.2—CB'011 

I i 

CHa CHCOOH 

Sq^H^ 

C—CH2 • CHNHa • COOH 
CeHi CH 

, -'N/ ■ ■ 

NH 

■' I' ■ I 

Thyroxine : * • CHNHa • COOH 

Methionine CH3 * S ^ CHa - CHa - CHNHa • COOH 


18. Tryptophane: 


19. 

20 . 


* Isolated by E. C. Kendall. Synthesized by G. R. Harrington and G. Barger. 
See Biockcm. J., 21, 169 (1927) ; E.. C. Kendall, Thsn-oxine, Chemical Catalog Co. 
.(1929). 

t Isolated by J. H. Mueller. Synthesized by Barger and Coyne. See H. B. 
Vickery and T. B. Osborne, P%sioZ. Reo.j 8, 409 (1928). 
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Glycine, aminoacetic add, CH 2 NH 2 • CIOOH, was first ob- 
tained from gelatin by boiling with sulfuric acid. It occurs in 
very small quantities in vegetable proteins and has not been 
detected at all in casein nor in albumin. It is abundant in gela- 
tin and in silk fibroin. Glycine melts and decomposes at 233'’. 

Cyanogen is half reduced and half hydrolyzed by hydriodic 
acid and is thereby converted into glycine : 

CN CH2NH2 

I -f - 5 HI -f- 2 H2O — >■ I -f- NH4I ~f- 2 I2. 

CN COOH 

Glycine may be prepared also by Gabnehs synthesis from 
potassium phthalimide and chloroacetic ester : 


.COs 


C0H4 


\ Nnk -f CICH2C00C2H5 
^CO/ 


.CO. 

CeH./ >N . CH 2 COOC 2 H 6 -f KCl. 

\co/ 


On hydrolysis this derivative of phthalimide yields phthalic 
acid, glycine, and ethyl alcohol : 

C0H4 (C00H)2 + NH2CH2COOH + C2H5OH. 

Alanine, a-aminopropionic acid, CH.-j • CHNH 2 • COOH, is 
widely distributed, being found in almost every known protein. 
It was synthesized by Streeker (1850) thirty years before it 
was identified as a protein constituent. His method, which 
follows, has been applied with equal success in the preparation 
of some other amino acids. By treatment with ammonia an 
aldehyde is converted into an aldehyde ammonia. In the prepa- 
ration of alanine acetaldehyde is used : 

CHa • CHO -I- NH3 — >• CH3 • CHNH2 . OH. 

The hydroxyl group in this addition product is replaced by CN 
through the agency of hydrogen cyanide : 

CH3 • CHNHo • OH + HCN CH3 • CHNH. ■ CN + H2O. 

The cyanide is then hydrolyzed by boiling it with an acid or 
with a solution of potassium hydroxide : 

CH3 • CHNH2 • CN + 2 H2O ■— > CH3 • CHNH2 • COONH4. 
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Valine, a-aroinoisovaleric acid, 

CHav 

>CH . CHNHs • COOH, 

CHs'^ 

was isolated from the hydrolysis products of proteins, and its 
empirical formula was determined, as early as 1856. Ten years 
later it was synthesized from valeric acid ; but the identity 
of the natural and synthetic products was not established until 
1906. Valine melts and decomposes at 298°. 

Leucine, a-aminoisobutylacetic acid, 

>CH • CH 2 • CHNH 2 • COOH, 

CH 3 / 

occurs in very large quantities in animal and vegetable proteins. 
It is found also in the free state in some organs of the body 
and in the seeds of many plants. It constitutes 6,6 per cent 
of gliadin, 19 per cent of zein, 14 per cent of edestin, and more 
than 9 per cent of casein. It was isolated from meat, cheese, 
silk, horn, and albumin in the first half of the nineteenth century. 
The malonic ester ssmthesis gives a satisfactory yield : 

COOC2H5 COOC2H5 

i ■ '■ 1 ■ 

CHo Na CHNa* (CH 3 ) 2 CIi • CHoBr 

I , |, 

COOC2H5 COOC2H6 

COOCaHn 

Byo H 2 O 

i\cHsCH(ch3)7"~~^ 

COOCaHs ' 

COOH 

I^Br 

1 \CH 2 CH(CH 3 )o (CH 3 ) 2 GI-I -CHrCHBr -COOH d-COa 
COOH 

(CH3)2CH • CHo ■ CHBr • COOH -f 3 NHa 

— > (CH 3 ) 2 CH • CH 2 • GHNH 2 ' COONH 4 + NHiBr. 

* For many years the formula of sodiomalonic ester has been written in this form. 
It is probably incorrect. {See pages 426-427.) 


COOCsHb 
' /H 


?\cH2CH(GH3)2 
COOCaHs 
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Glycine, aminoacetic acid, CH2NH2 • COOH, was first ob- 
tained from gelatin by boiling with sulfuric acid. It occurs in 
very small quantities in vegetable proteins and has not been 
detected at all in casein nor in albumin. It is abundant in gela- 
tin and in silk fibroin. Glycine melts and decomposes at 233°. 

Cyanogen is half reduced and half hydrolyzed by hydriodic 
acid and is thereby converted into glycine: 

CN CH2NH2 

I -f- 5 HI -j- 2 H2O — >■ 1 + NH4I -f- 2 I2. 

CN COOH 

Glycine may be prepared also by GabrieFs synthesis from 
potassium phthalimide and chloroacetic ester : 

-f CICH2COOC2H5 

/CO\ 

C 6 H 4 < >N • CH2COOC2H5 + KCL 

^co/ 

On hydrolysis this derivative of phthalimide yields phthalic 
acid, glycine, and ethyl alcohol : 

C6H4 (C00H)2 + NH2CH2COOH + C2H5OH. 

Alanine, «-ammopropiomc acid, CH3 • CHNH2 • COOH, is 
widely distributed, being found in almost every known protein. 
It was synthesized by Strecker (1850) thirty 3^ears before it 
was identified as a protein constituent. His method, which 
follows, has been applied with equal success in the preparation 
of some other amino acids. By treatment with ammonia an 
aldehyde is converted into an aldehyde ammonia. In the prepa- 
ration of alanine acetaldehyde is used : 

CH:3 • CHO 4- NIU —>■ CH3 - CHNH2 • OH. 

The hydroxyl group in this addition product is replaced by CN 
through the agency of hydrogen cyanide : 

CH3 • CHNHo • OH + HCN CH,, < CHNH2 • CN + H2O. 

The cyanide is then hydrolyzed by boiling it with an acid or 
with a solution of potassium hydroxide : 

CHs • CHNH2 - CN + 2 H2O — > CH3 • CHNH2 • COONH4. 


/CO. 

CgH4< >NK 

\co/ 
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Valine, a-aminoisovaleric acid, 
CH:k 

>CH • CHIS 


>CH.CHNH..COOH, 


was isolated from the hydrolysis products of proteins, and its 
empirical formula was determined, as early as 1856. Ten years 
later it was synthesized from valeric acid; but the identity 
of the natural and synthetic products was not established until 
1906. Valine melts and decomposes at 298°. 

Leucine, a-aminoisobutylacetie acid. 


[3\ 

bCH • CH2 • CHNH2 • COOH, 


occurs in very large quantities in animal and vegetable proteins. 
It is found also in the free state in some organs of the body 
and in the seeds of many plants. It constitutes 6,6 per cent 
of gliadin, 19 per cent of zein, 14 per cent of edestin, and more 
than 9 per cent of casein. It was isolated from meat, cheese, 
silk, horn, and albumin in the first half of the nineteenth century. 

The malonic ester synthesis gives a satisfactory yield : 


COOCsHr, 

COOCsHb 

j 

CHa Na 

j 

CHNa* 

COOC2H5 

1 

COOCsHb 

COOC0H5 

Bra 


COOC0H5 COOC2H5 

Bra HaO 

i^CH2CH(GH3)2 I \cHoCH(CH 3 ); ^ 

COOCsHe COOCoHfi 

COOH 

lyBr 

\ ^CHaCI-KCHa)^ (CH 3 ) 2 CH-CH 2 -CHBr -COOH +CO2 
COOH 

(CH3)2CH • CHs • CHBr ■ COOH + 3 NHs 

— ^ (CH3)2CH • CH2 • CHNH2 ■ COONH4 +NH4Br. 


* For many years the formula of sodiomalonic ester has been written in this form. 
It is probably incorreet. (See pages 426-427.) 
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Isoleucine, o'-amino-/3-methylvaleric acid, 

CHsv 

Vh • CHNH 2 • COOH, 

C2H5/ 

is very similar to leucine in all properties and may be synthe- 
sized in the same way, with the substitution of secondaiy butyl 
bromomethane for the isobutjd derivative used in the equations 
given above. Isoleucine has been prepared also by the action 
of ammonia on the corresponding chloro acid and from valer- 
aldehyde through the agency of ammonia and hs^drogen cyanide. 
Phenylalanme, jd-phenyl-a-aminopropionic acid, 

CeHs ■ CH 2 • CHNHs • COOH, 

is found among the hydrolysis products of almost all proteins. 
Its constitution was proved by Erlenmeyer and Lipp, who pro- 
duced it from phenylacetaldehyde by an application of the 
cyanhydriii synthesis. 

Tyrosine, jS-purohydroxyphenyl-a-aminopropionic acid, 

HO<yy>— CH2 • CHNHa • COOH, 

is the first of the amino acids to crystallize from solutions of 
the hydrolysis products of proteins. Cystine is almost equally 
insoluble and the two are usually obtained together. Their 
separation is accomplished by dissolving the tyrosine in dilute 
nitric acid or by precipitating the cystine in the foim of its 
mercury salt. Tyrosine was discovered by Liebig among the 
products obtained by fusing cheese with potassium hydroxide. 
It crystallizes in fine glossy needles.* 

a-amino-jd-hydroxypropionic acid, 

CH 2 OH • CHNHs • COOH, 

is abundant in silk glue. Serine crystals melt and decom.pose 
'at 246^' 

Cystine, di(ji3-thio-o:-aminopropionic acid), occurs in great 
abundance in hair, wool, and horn. It is present in all sulfur- 
containing proteins and is the only source of sulfur in many 

* For methods of synthesizing this and the following amino acids and for a more 
complete discussion of aU hydfrolysis products of the proteins see Plimmer’s ' ' Chem- 
ical Constitution of the Proteins.’’ 
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of them. Cystine decomposes at 258°. It may be synthesized 
from serine as follows : 


CH2OH CH2SH CH2— S—S—CHs 

I P0S5 I HNO3 I 1 

CHNHa — ^ CHNHs — CHNHs CHNHs 


COOH 

Serine 


COOH 

Cysteine 


COOH COOH 

Cyatine 


Aspartic acid, or aminosuccinic acid, occurs in very limited 
quantities in most proteins. Its amide, asparagine, is abundant 
in asparagus and in peas and beans. The aspartic acid derived 
from proteins is lasvorotatory. It melts at 270°. Its formula is 

COOH • CHNH 2 • CH 2 • COOH. 


Glutamic acid, a-aminoglutaric acid, 

COOH . CHNHa • CH 2 • CH 3 • COOH, 

occurs in many seeds. Gliadin, from wheat, is 43 per cent 
glutamic acid. Zein, from corn, is 26 per cent,, and edestin, from 
hemp seed, is more than 18 per cent glutamic acid. Glutamic 
acid melts at 198°. 

Arginine, a-amino-^-guanidine valeric acid, has the structure 


NH2 

I 

C==NH 


NH2 


NH— CH 2 • CH 2 • CH 2 • CH • COOH 

It is a basic substance. It turns litmus blue and forms stable 
carbonates. The dextro form occurs in nature. Both optically 
active forms have been prepared in the laboratory. 

Lysine, a-e-diaminocaproic acid, 

CH 2 NH 2 ■ CH 2 • CH 2 ■ CH 2 • CHNH 2 • COOH, 

has not been obtained in crystalline form. It yields a crystal- 
line salt with picric acid and is usually isolated in this form. 

Feeding experiments indicate that lysine is of supreme im- 
portance to the growing animal organism. Arrested develop- 
ment due to insufficient lysine in the diet has been reported by 
many investigators. 
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Isoleucine, a-aminO“/?-methyl valeric acid, 

CHsv 

>CH • CHNHs • COOH, 

C2H5/ 

is very similar to leucine in all properties and may be synthe- 
sized in the same way, with the substitution of secondary butyl 
bromomethane for the isobutyl derivative used in the equations 
given above. Isoleucine has been prepared also by the action 
of ammonia on the corresponding chloro acid and from valer- 
aldehyde through the agency of ammonia and hydrogen cyanide. 
Phenylalanine, /3-phenyl-a-aminopropionic acid, 

CsHs • CH 2 - CHNH 2 • COOH, 

is found among the hydrolysis products of almost all proteins. 
Its constitution was proved by Erlenmeyer and Lipp, who pro- 
duced it from phenylacetaldehyde by an application of the 
cyanhydrin synthesis. 

Tyrosine, jS-parahydroxyphenyl-a-aminopropionic acid, 

H 0 <^~^CH 3 ■ CHNH 2 • COOH, 

is the first of the amino acids to crystallize from solutions of 
the hydrolysis products of proteins. Cystine is almost equally 
insoluble and the two are usually obtained together. Their 
separation is accomplished by dissolving the tyrosine in dilute 
nitric acid or by precipitating the cystine in the f onn of its 
mercury salt. Tyrosine was discovered by Liebig among the 
products obtained by fusing cheese with potassium hydroxide. 
It crystallizes in fine glossy needles.* 

Serine, o:-amino-/3-hydroxypropionic acid, 

CH 2 OH • CHNH 2 • COOH, 

is abundant in silk glue. Serine crystals melt and decompose 
at 246°. 

Cystine, diC^d-thio-a-aminopropionic acid), occurs in great 
abundance in hair, wool, and horn. It is present in all sulfur- 
containing proteins and is the only source of sulfur in many 

* For methods of synthesizing this and the following amino acids and for a more 
complete discussion of all hydrolysis products of the proteins seePlimmer’s "Chem- 
ical Constitution of the Proteins.” 
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of them. Cystine decomposes at 258°. It may be synthesized 
from serine as follows : 


CH2OH 

CHNHs 

I 

COOH 


CH2SH CH2— S— S—CHa 

P2S5 I HN03 1 I 

— ^ CHNHo ^ CHNHa CHNHa 

I 1 I 

COOH COOH COOH 


Serine Cysteine Cystine 


Aspartic acid, or aminosuccinie acid, occurs in very limited 
quantities in most proteins. Its amide, asparagine, is abundant 
in asparagus and in peas and beans. The aspartic acid derived 
from proteins is Isevorotatory. It melts at 270°. Its formula is 

COOH • CHNH 2 • CH 2 • COOH. 


Glutamic acid, a'-aminoglutaric acid, 

COOH • CHNH 2 • CH 2 • CH 2 • COOH, 

occurs in many seeds. Gliadin, from wheat, is 43 per cent 
glutamic acid. Zein, from corn, is 26 per cent, and edestin, from 
hemp seed, is more than 18 per cent glutamic acid. Glutamic 
acid melts at 198°. 

Arginine, a-amino-S-guanidine valeric acid, has the structure 
NH 2 


NH— CH2 • CH2 • CH2 • CH • COOH 

It is a basic substance. It turns litmus blue and forms stable 
carbonates. The dextro form occurs in nature. Both optically 
active forms have been prepared in the laboratory. 

Lysine, a-e-diaminocaproic acid, 

CH2NH2 ■ CH2 • CH2 • CH2 • CHNH2 • COOH, 

has not been obtained in crystalline form. It yields a crystal- 
line salt with picric acid and is usually isolated in this form. 

Feeding experiments indicate that lysine is of supreme im- 
portance to the growing animal organism. Arrested develop- 
ment due to insufficient lysine in the diet has been reported by 
many investigators. 
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Proline, a-pyrrolidine carboxylic acid, is the only member 
of the group which dissolves freely in alcohol. It is a hetero- 
cyclic compound having the structure 

CH2 CH2 


CHs CH~COOH. 

\ / 

NH 

Oxyproline has been isolated from very few proteins and has 
never been found in large amounts. It is represented by one 
of the following formulas : 

CH2— CHOH HOCH--CH2 

1 I or 1 i 

CH2 CH—COOH CH2 CH— COOH. 

\ / X/ 

NH NH 

The position of the hydroxyl group has not been determined. 

Tryptophane, /S-indoxyl-a-aminopropionic acid, is destroyed 
by acids and by heat and therefore does not appear among the 
hydrolysis products of proteins unless the decomposition is 
effected at ordinary temperatures by the action of enzymes. 
Feeding experiments have demonstrated the fact that animals 
deprived of tryptophane die within a few weeks. Zein, found 
in corn, and gliadin of wheat contain no tryptophane. These 
substances alone, therefore, fail to supply the protein require- 
ments in the diet. 

Thyroxine, a constituent of the thyroid gland, is an amino 
acid. Myicoedema and goiter are among the disorders that are 
due to thyroid deficiency. Thyroxine has been synthesized. It 
has the following structure : 

I -I ^ 

HO< >- 0 -< >CH;-CH- COOH 
I I NH2 

The amino acids are almost neutral compounds, since the 
carboxyl group is virtually neutralized by the a-amino group. 
Henriques and Sorensen devised a method of rendering the 
amino group inactive, thereby making it possible to determine 
the number of carboxyl groups in any given sample by the 
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usual analytical methods.* Formaldehyde is added to the 
solution and each amino acid molecule reacts with it as 
follows: 


R— CH— COOH 

1 

NH 2 


H-CHsO 


R— CH— COOH 

1 

N==CH2 


+ H20. 


Phenolphthalein is then added as an indicator, and the solution 
is titrated with a standardized solution of sodium hydroxide. 
A correction is necessary if an ammonium salt is present, for 
in this case the following reaction occurs : 

4 NH 4 + + 6 CH 2 O — > N4(CH2)6 + 4 H+ + 6 H 2 O. 

The hydrogen ions produced in this reaction neutralize part of 
the base used in the titration. 

STRUCTURE OF THE PROTEINS 

When hydrolyzed, the simple proteins yield amino acids only. 
More complex proteins yield amino acids and other products. 
Carbohydrates, phosphoric acid, purines, pyrimidines, and leci- 
thins are among the hydrolysis products of some proteins. The 
proteins are amphoteric substances. In the presence of bases 
they act like weak acids, forming salts in which the protein 
constitutes the negative ion. When mixed with acids they act 
like weak bases, forming salts in which the protein is the positive 
ion ; but the quantity of acid or of base that can be neutralized 
by a protein is insignificant compared with the neutralizing 
capacity of the amino acids which the protein yields on hy- 
drolysis. In the protein molecule the amino acids are com- 
bined in such a way as to neutralize the basic amino groups 
and the acidic carboxyl groups. At the beginning of the twen- 
tieth century F. Hofmeister and Emil Fischer independently 
reached the conclusion that these acids are linked together 
through the amino and carboxyl groups. Suppose, for ex- 
ample, that a molecule of water is eliminated through a reac- 
tion between the amino group of glycine and the carboxyl 
group of alanine as shown in the following equation : 


'* V. Henriques and S. P. L. Sdrensen, Z. physik^ Chem., 64, 120 (1908). 
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CHs— CH— CO 
' NHa 

Alanine 


OH 


HiNH 


Ha— COOH 

Glycine 

CHs- 


-CH— CO 
— > lijHa NH +H2O. 

CH2— COOH 

Alanylglycine 

The product, alanylglycine, is a dipeptide — a compound de- 
rived from two amino acids through the loss of one molecule of 
water. The two units are held together through a — CO — NH^ — 
group. This is called a peptide linkage. It is the same type of 
linkage that occurs in an amide, R — CO — NHa. A dipeptide 
is a substituted amide. 

A reaction between the amino group of this dipeptide and the 
carboxyl group of an amino acid gives rise to a tripeptide : 

CHs— CH— CO 

iIh 


CHss 

>CH— CH— CO 
CH 3 / 1 

NH2 

Valine 


OH! 


CH2— COOH 

Alanylglycine 


CHs— CH— CO 

CHsv I 1 

>CH— CH— CO— NH NH 

CH 3 / I I 

NHs CHs 

Valylalanylglycine 


4" H 2 O. 


-COOH 


A tripeptide is composed of three amino acid molecules less two 
molecules of water. In general, a polypeptide is composed of 
n amino acid molecules less « — 1 molecules of water, the 
linkage, in each case, involving an amino group of one unit and 
a carboxyl gimp of another. It is possible to synthesize poly- 
peptides, but not by a simple dehydration of the amino acids 
as indicated above. The simple proteins are polypeptides of 
high molecular 
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In the proteins most of the amino acid linkages are of the 
amide type, but there is abundant evidence that not all the 
amino acid units are linked through the — CO — NH — gi'oups. 
Some cyclic hydrolysis products of proteins contain groups in 
which three carbon atoms are attached to the same nitrogen 
atom. We know nothing of the nature of the union between 
the amino acid units and the carbohydrates or the nucleic acids 
that are constituents of many conjugated proteins. It is beyond 
the scope of this book to describe all the types of hydrolysis 
products that have been derived from the proteins or to outline 
all the possible modes of union between these units.* 

The general formula of a simple protein may be written 
as follows : 

CHRNH2-CO-NH-CHR-CO-NH.CHRCO-NH-..CHR-COOH 


in which each R represents the residue beyond the a-carbon 
atom of an amino acid. 

To be more specific, a protein molecule may be represented 
by a structure of the following type: 


CHs 


CH, 


/ 


CH3 


CH— CO— NH— CH — CO — NH — CH— CO— NH— CH— CO— NH— GH 
NH CHa 


CO 


CH— CHr- 


CHa— C— CH 3 


CH 2 — CHir-CH 2 — NH— C = NH CO 

I /\ I 

CH NHl I NH 




H 

OH 


N NH 

CHr-C=CH /^^\/\ 


CH 


NH HaN— CH CO — NH— CH— CO— NH 


V 


CO CHj-CH 

I I 

CH-CHa CO 
NH 


CO 


CH2 


CH— NH— CO- 

I 

/GHs 


CH<^ 


NH 

! 

-CHa CHa | CH 2 -CH 2 CHa 

1 I I 

COOH CHa CO 

CH — NH— CO— CH— NH— CO— CH-NH 

i" 

CH 2 OH 


CHa— CI-H 


* For good discussions of this subject see Emil Klamann, Chem. Rei)., 4, 51 
(1927) ; Andrew Hunter, Trras. Roy. Soc., Canada, 19, 1 (1925) ; H. B. Vickery and 
Thomas B, Osborne, Physiol. Rev., % 393 (1928) ; L. M. Chapnian, P. M. Greenberg, 
andC. L. A, Schmidt, J. Biol, efeem.,,72, 707 (1927) ; Edwin J. Cohn, P^sioL Rev., 5, 
349 (1925). 
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This hypothetical tetradecapeptide may not actually exist. 
The formula is intended merely to illustrate the polypeptide 
type of structure. 


SYNTHESIS OF POLYPEPTIDES 

When amino acids are heated with dehydrating agents, ring 
compounds are produced by the elimination of water from the 
amino group of one molecule and the carboxyl group of another. 
These products belong to the class of compounds known as 
diketopiperazines. Taking glycine as the simplest example, the 
formation of the dehydration product is represented as follows : 

CH2NH2 COOH CHs-NH-CO 

I + I I I 

COOH CH2NH2 CO— NH— CH2 

When warmed with dilute sodium hydroxide or concentrated 
hydrochloric acid, this product is partly hydrolyzed.* One 
molecule of water is added, and the bond between carbon and 
nitrogen in one of the —CO — NH — groups is broken. The 
ring structure is thus destroyed. 


H 

CHa— NH- 

I 

CO — NH- 


OH 

■CO 

I 

-CH2 


NHs— CHa— CO— NH— CH2— COOH. 

Glycj^lglycine 


Since glycylglycine is itself an amino acid, it might be ex- 
pected to yield an anhydride which, by partial hydrolysis, could 
be converted into a tetrapeptide, or it might form a mixed 
anhydride with a single molecule of any amino acid and give 
rise to a tripeptide. Attempts to build up polypeptides by this 
method have failed. Dipeptides are easily made ; tripeptides 
are formed in a few instances, but the limits are soon reached, 
and the hope of synthesizing proteins in this manner has been 
abandoned. A better method, based upon reactions of chioro 
acid chlorides and amino acids, was developed by Fischer. An 
acid chloride is prepared by the action of phosphorus tri- 
chloride on the free organic acid. Chlorine acts upon the 
chloride of a saturated acid, substituting chlorine for hydrogen 

* Prolonged heating results in complete hydrolysis to amino acids. 
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in the a position. The chloro acid 'chlorides thus produced 
react energetically with free amino acids, eliminating hydro- 
chloric acid : 

CHs • CHCl • COCl -f- CoH4(OH)CH2 ■ CHNH2 • COOH 

Chloropropionyl chloride Tyrosine 

— CH3 ■ CHCl • CO • NH ■ CH • COOH 

I 

CH2 • CgH 4 • OH 

The remaining chlorine atom may be replaced by an amino 
gi’oup through the agency of ammonia. The compound is dis- 
solved in an excess of a 25 per cent aqueous solution of ammonia 
and held at a constant temperature until most of the chlorine 
has been displaced. This usually requires from twenty-four to 
eighty hours. The temperature range for this work is 25° to 60°. 
In this case the product would be the dipeptide alanyltyrosine, 

CHs • CHNH2 • CO • NH • CH • COOH 

I 

CHo • CgHi • OH 

Alanyltyrosine 

The dipeptide acts like a free amino acid on other chloro acid 
chlorides : 

CHs • CHNH. * CO . NH • CH . COOH ~f CHoCl ■ COCl 

I 

CH 2 *C 6 H 4 * 0 H 

Alanyltyrosine Chloroacetyl chloride 

CH2CI • CO • NH • CH • CO - NH • CH • COOH 

|." ■■■ 1 ". ■ 

CH3 CH2 • C6H4 • OH 

On treatment with ammonia this yields a tripeptide : 

CH2NH2 • CO • NH . CH . CO • NH - CH . COOH ^ 

I I 

CHs CH2 ■ C6H4 • OH 

Glyeylalanyltyroaine 

• It is theoretically possible to lengthen the chain indefinitely. 
Experimental difficulties, however, multiply rapidly and es- 
tablish practical limits. By this method, vdth many ingenious 
variations, Fischer built up an octadecapeptide (eighteen amino 
acid molecules combined), a compound with a molecular weight 
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of 1213. It was a colorless, amorphous substance which, in 
water, gave a highly dispersed colloidal solution with faint 
opalescence. Like most natural proteins, it was precipitated 
from solution by ammonium sulfate and by tannic acid. There 
can be no doubt that this compound would have been classified 
as a protein if it had been discovered in nature instead of ap- 
pearing as a synthetic preparation. A polypeptide containing 
nineteen amino acid residues and having a molecular weight 
of 1326 was made by Abderhalden and Fodor.* 

HYDROLYSIS OF PROTEINS 

Simple proteins. The digestion of a protein is a natural process 
of hydrolysis. Artificially the same result is achieved by heat- 
ing the protein with an aqueous solution of an acid or a base. 

Hydrolysis of simple proteins by acids, by alkalies, or by 
the ferments of the alimentary tract consists in adding water 
molecules to the — CO — NH — groups, thus breaking the bonds 
between carbon and nitrogen, with the production of carboxyl 
and amino groups. As one after another of these groups suffers 
cleavage, the protein molecule is gradually broken into poly- 
peptide fragments. It is not a regular process, resulting in a 
split at the center of the chain each time, nor is it a uniform 
erosion of the molecule through the breaking off of terminal 
groups. Simple and complex hydrolysis products appear to- 
gether from the beginning of the proteolytic action. Pepsin 
of the gastric Juice induces hydrolysis of proteins to a limited 
extent, giving rise to substances similar to the original protein 
in general character and composition but of lower molecular 
weight. These first cleavage products are known as proteoses 
and peptones. They differ from the parent protein only in 
degree of molecular complexity and a few properties dependent 
primarily upon the size of the molecule. Trypsin and erepsin, 
ferments of the intestinal tract, complete the hydrolysis. A 
protein, for example, may form an opalescent solution, coagu- 
late when heated, and precipitate in the presence of ammonium 
sulfate. After partial hydrolysis it may form an optically clear 
solution and fail to coagulate on heating but retain all other 
properties of the original compound. The protein has been 
converted into proteoses. A continuation of the process results 

* Emil Abderhalden and Andor Podor, Ser., 49, 561 (1916). 
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in the formation of substances which still display protein char- 
acteristics but can no longer be salted out of solution by ammo- 
nium sulfate. The proteoses have been converted into peptones. 
As the cleavage proceeds, the units become too small to behave 
like proteins, yet they are more complex than single molecules 
of amino acids. They are polypeptides. Finally the mixture 
consists of free amino acids, the hydrolysis being complete. 

Proteins of the diet reach the blood stream through the walls 
of the intestine chiefly in the form of amino acids,* and these 
are recombined within the cells of the body to form the charac- 
teristic tissues of the organism. It is evident that the most sat- 
isfactory protein diet is one that supplies the different amino 
acids in the proportions required by the tissues they nourish. 
Persons who depend entirely upon a vegetable diet must ingest 
and eliminate excessive amounts of some protein constituents 
in order to secure the minimum requirement of others. As 
the food approaches in proximate analysis that of the tissue it 
builds, the waste in the energy of the system is reduced and at 
the same time the quantity of food required is diminished. 

Nucieoproteins. The nucleoproteins are obtained from the 
nuclei of cells in plant and animal tissues and are composed of 
simple proteins in combination with nucleic acids. The term 
nucleic aad has a rather definite meaning although it is applied 
to a great variety of compounds* It refers to an acidic hydrolysis 
product of proteins derived from cell nuclei. It consists of phos- 
phoric acid in combination with at least one purine base, a 
pyrimidine derivative, and a carbohydrate. The complete hy- 
drolysis of a nucleoprotein is represented by the following 
diagram. The first cleavage is brought about by gastric diges- 
tion, and the subsequent processes are due to the action of 
trypsin and erepsin; or the complete degradation of the mole- 
cules can be accomplished artificially by boiling with alkali. 


Nucleo- protein polypeptides ^ amino acids 

nrnfmn ^ Simple protem->-polypeptides->-aminc 

^ ^Nuclein^ [ phosphoric acid 

Nucleic acid-»- | carbohydrate 
purines 
pyrimidines 


* This statement is disputed by some physiologists. For discussions of the 
question see Cathcart’s "The Physiology of Protein Metabolism" and Robertson’s 
"Principles of Biochemistry.” 
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The carbohydrate derived from most nucleic acids of plant 
origin is a pentose, d-ribose. This sugar, as well as several 
hexoses, occurs in nucleic acids of animal tissues. Methyl- 
pentose, a glucoside derived from pentose by replacement of a 
hydroxyl hydrogen atom by the methyl radical, has been iden- 
tified as a constituent of a few nucleoproteins. 

The purine bases found in nucleic acids almost invariably 
include guanine and adenine. In the pyrimidine group cysto- 
sine may be mentioned as the most widely distributed repre- 
sentative. Uracil is found in nearly all vegetable nucleic acids, 
and thymine is present in all nucleoproteins of animal origin. 

Isolation of amino acids. The protein is hydrolyzed, usually by boiling it 
with 25 per cent sulfuric acid until the mixture no longer responds to the 
biuret test. The time required varies from a few hours to a week. The solu- 
tion is then diluted wdth water, filtered, neutralized with barium carbonate, 
and separated by filtration from the precipitate of barium sulfate and excess 
of barium carbonate. The clear filtrate is concentrated by evaporation. The 
very slightly soluble acids, tyrosine and cystine, crystallize and are removed 
by filtration. 

Diamino acids are precipitated by means of phosphotungstic acid and 
removed by filtration. The excess of phosphotungstic acid is removed by 
precipitating it with barium hydroxide, and the excess of barium is re- 
moved by means of carbon dioxide. The filtrate from these residues is satu- 
rated with hydrogen chloride, and, on standing, glutamic acid crystallizes 
out. The amino acids remaining in solution are esterified by the action of 
alcohol and hydrogen chloride. Glycine ester hydrochloride, being only 
slightly soluble, separates in crystalline form when the alcohol is removed 
by evaporation. The solution is then neutralized with potassium carbon- 
ate, and aspartic ester is extracted with ether. The remaining esters are 
separated into small groups by fractional distillation under reduced pres- 
sure. Fischer tabulates the fractions as follows : 


I 

50° - 60° , 

i 10 mm. ! 

1 Glycine, alanine, leucine. 

II I 

60°- 90° 1 

i 10 mm. ! 

j Leucine, valine, proline. 

III 1 

90° -100° i 

1 0.5 mni. 1 

Leucine, proline. 

IV ' 

130°-180° ' 

1 0.5 mm. 

j Phenylalanine, glutamic acid, aspartic acid, serine. 


The fractions are separately hydrolyzed, and the free acids in each group 
are isolated by extraction with various solvents or by fractional crystalli- 
zation of the free acids or of their copper, silver, lead, or barium salts. 


CLASSIFICATION 

We do not know the order in which the amino acids are 
assembled nor the exact number of them in any particular 
molecule. We do not know the nature of the union between 
the amino acid groups and such other units as were mentioned 
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in connection with the nucleoproteins. A scientific classifica- 
tion cannot be made until these things have been determined. 
An arbitrary classification based upon proximate analyses and 
a few physical properties has been adopted by the American 
Physiological Society and the American Society of Biological 
Chemists. It is given below. 

I. Simple Proteins. Hydrolysis products consist of amino acids only. 

а. Albumins. Soluble in water. Coagulable by heat. 

б. Globulins. Insoluble in water. Soluble in neutral salt solutions. 

e. Glutelins. Insoluble in neutral solvents. Soluble in dilute solutions 
of acids and bases. 

d, Prolamins. Soluble in 70-80 per cent alcohol, insoluble in absolute 

alcohol, water, and other neutral solvents. 

e. Albuminoids. Insoluble in all neutral solvents. 

/. Histones. Basic proteins. Soluble in water, Insoluble in dilute 
ammonia. Form precipitates with solutions of other proteins. 
Coagulate when heated. Coagulum soluble in very dilute acids. 
g. Protamines. Simple polypeptides — not coagulated by heat. Basie 
amino acids predominate in hydrolysis products. 

II. Conjugated Proteins. Hydrolysis products consist of amino acids 
and at least one other type of molecule. 

а. Nucleoproteins. One or more protein molecules combined with 

nucleic acid. 

б. Glycoproteins. Proteins combined with a carbohydrate not included 

in nucleic acid. 

e. Phosphoproteins. Proteins containing phosphorus not included in 
nucleic acid nor in lecithins. 

d. Hsemoglobins. Proteins combined with hasmatin. 

e. Lecifhoproteins. Proteins combined with lecithins. 

HI. Derived Proteins. Cleavage products of more complex proteins. 

a. Proteans. Insoluble in water. First products of hydrolytic cleavage. 

b. Metaproteins. Products formed by further action of acids, alkalies, 

or enzymes. Soluble in dilute acids and alkalies. Insoluble in 
neutral solvents. 

c. Coagidated Proteins. Insoluble products formed by the action of 

heat or alcohol on protein solutions. 

d. Proteoses. Soluble hydrolysis products of proteins. Not coagu- 

lated by heat. Precipitated by saturating the solution with 
ammonium sulfate. 

e. Peptones. Hydrolysis products. Soluble. Not coagulated by heat. 

Not precipitated by ammonium sulfate. 

/. Peptides. Definite compounds of known structure consisting of 
two or more amino acids united through the amino and the car- 
boxyl groups. 
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QUALITATIVE REACTIONS 

A few qualitative tests are useful in determining whether 
or not a compound under investigation should be classed as a 
protein. The following reactions are not exclusively charac- 
teristic of proteins. They are tests to which most proteins 
respond, but for each test substances other than proteins give 
the same result. If, however, the substance analyzed gives 
positive response to several of these tests, it may be classified 
as a protein. 

1. Nitric acid. If an aqueous solution of a protein is carefully 
floated on the surface of concentrated nitric acid, a white pre- 
cipitate forms at the junction of the two layers. 

2. Heavy metals. Most proteins form insoluble salts of lead, 
copper, and mercury. The precipitate forms in acid, alkaline, 
or neutral solution. 

3. Alkaloid preeipitants. Phosphotungstic acid, tannic acid, 
picric acid, phosphomolybdic acid, potassium bismuth iodide, 
potassium mercuric iodide, and other reagents that precipitate 
the alkaloids form insoluble- compounds with proteins also. 

4=. Biuret reaction. When dilute copper sulfate solution is 
added to an alkaline solution of a protein, a reddish violet 
color is produced. The appearance of the color merely indicates 
the presence of one of the following groups: 

— NH • CO • NH • CO—, — NH * CO • CHR • CO • NH— 

— NH . CO • CO ■ NH— , — NH • CR2 • CO • NH— . 

5. Ghjoxylic acid. A mixture of a protein solution with 
glyoxylic acid (or glacial acetic acid, which always contains a 
little glyoxylic acid) is floated on the surface of concentrated 
sulfuric acid. A reddish violet ring appears at the junction 
of the liquid layers. The color is due to the presence of tryp- 
tophane. 

6. Xanthoproteic test. Concentrated nitric acid applied to a 
protein in the solid state imparts a yellow color, which changes 
to orange in the presence of ammonia. The color is due to the 
presence of substituted benzene rings of the types found in 
tyrosine, tryptophane, and thyroxine. 

1. Millon’s reaction. reagent consists of a freshly 

prepared solution of mercury in nitric acid. It contains mer- 
curous and mercuric nitrates and nitrous and nitric acids. 
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Wlien added to a protein solution, it produces a white pre- 
cipitate which turns red when heated. The color change is 
apparently due to the hydroxyphenyl group present in tyrosine. 
Phenols give the same result. 

PROTEIN SALTS 

The proteins are amphoteric. Many of them form definite 
series of salts with acids and with bases. Casein, a typical 
phosphoprotein, obtained from milk by precipitation with di- 
lute acetic acid, is a white, amoiiDhous powder. It is insoluble 
in water but soluble in 50 per cent alcohol. A suspension of 
casein in water turns litmus red where the suspended particles 
touch the litmus paper, and it liberates carbon dioxide from 
carbonates. 

The alkali salts of casein are soluble in water and may be 
precipitated unchanged by the addition of alcohol. Van Slyke 
and Bosworth prepared an insoluble salt of casein with cal- 
cium hydroxide which contained 11.25 X 10"® of an equivalent 
of the base per gi'am of the protein, and another salt containing 
22.6 X 10~® of an equivalent of base per gram of casein. Using 
sodium or potassium hydroxide, they found that 11.4 x 10~® 
of a mole of the base per gram of casein just suffices to convert 
the protein into a water-soluble salt. The maximum quantity 
of potassium hydroxide that one gram of casein will neutralize 
is 182 X 10 ~® of a mole. This is almost exactly sixteen times 
the amount required to dissolve the protein. One gram of 
casein has the capacity to neutralize 90 X 10"® of a mole of 
hydrochloric acid. One gram of egg albumin will combine with 
80 X 10"® of an equivalent of an acid or with 80 x 10"® of an 
equivalent of a base. ^ 

According to Schmidt and Greenberg a protein contains a 
sufficient number of free carboxyl groups and hydroxyl groups 
to account for the maximum quantity of base that it will neu- 
tralize and a sufficient number of free amino groups and imino 
groups to account for its neutralization of acids. Among the 
amino acids found in proteins there are three basic compounds. 
They are arginine, histidine, and lysine. Each of these could 
supply an amino group for the — CO— NH- — linkage and still 
have an imino group (NH) or an amino group (NH 2 ) available 
for the neutralization of an acid. Similarly, aspartic, glutamic. 
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or oxyglutamic acid may yield one carboxyl group in an amide 
linkage and retain a free carboxyl group. The latter is engaged 
in salt formation when the protein is treated with a base. The 
hydroxyl gi’oup in tyrosine may also react with a base. 

Protein salts are conductors of electricity. The salts formed 
with bases yield positive metallic ions and negative protein 
ions. Salts formed by treating proteins with acids jdeid posi- 
tive protein ions and the anion of the acid used. At a certain 
definite hydrogen ion concentration an amphoteric substance 
has neither acidic nor basic properties. The hydrogen ion 
concentration required to establish this condition is different 
for different ampholytes. It is called the isoelectric point. At 
the isoelectric point any addition of hydrogen ions causes the 
protein to act like a base ; that is, it neutralizes the acid. The 
addition of hydroxide ions makes the protein act like an acid 
— it neutralizes the base. 

It is possible in many cases to follow the migration of a 
protein ion in an electric field by observing the moving bound- 
ary between colored and colorless regions or between clear and 
opalescent regions in the electrolytic cell. The colored solution 
of haemoglobin can be seen to migrate toward the anode in an 
alkaline solution and toward the cathode in an acid solution. 
The isoelectric point is (H+) = 2 x 10~'. At a hydrogen ion 
concentration of 2.1 x 10~^ of a mole per liter serum albumin 
migrates toward the cathode. At hydrogen ion concentrations 
smaller than 1.9 x 10"« it migrates toward the anode. When 
(H"'') = 2 X 10“^ of a mole per liter, this protein is in an 
isoelectric condition. The hydrogen ion concentration at which 
a protein changes the direction of its movement in an electric 
field is its isoelectric point. The direction of migration of casein 
changes in the zone between 1.3 x lO”® and 4.9 x 10~" of a 
mole of hydrogen ions per liter. In pure water (H+) == 1 X 10“^» 
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The nutritional requirements of man are satisfied by a 
properly balanced diet composed of proteins, fats, carbohydrates, 
water, salts, and vitamins. The vitamins are present in ex- 
tremely small quantities in our foods, but they are as essential 
as other components of the diet. The mechanism whereby 
minute traces of specific chemical compounds prevent the 
development of certain diseases is unknown ; but there is no 
doubt about the realization of such results, and compounds that 
perform these functions are known as vitamins. 

Vitamin A. Normal growth and the maintenance of good 
health are dependent upon the presence in the diet of a com- 
pound having the empirical formula C20H30O, known as vita- 
min A. Cod-liver oil and halibut-liver oil are good sources of 
this compound. In very small quantities it is found in butter, 
and in all other fats of animal origin.^^^ ^ ^ 

A deficiency of vitamin A in the diet retards growth and in- 
creases susceptibility to infectious diseases — especially to in- 
fectious disorders of the respiratory tract. Lack of this vitamin 
is associated also with certain disorders of the eye. It is said 
to be the cause of night blindness, a condition due to an in- 
sufficient supply of visual purple in the retina. The early 
Egyptians recognized night blindness as a pathological condi- 
tion that could be relieved by the ingestion of liver. 

Vitamin A is believed to have the following structure : 

0x13 OJn.3 



< 


CHs 


r^xT 


C— GH=CH— C==CH-— CH=-CH-C=CH-CH20H 


H 2 C C- 


-CHs 


H2 


Vitamin A 


It is closely related to isoprene (see page 30) and to carotene. 
Carotene, C 40 H 3 G, is the pigment that imparts a red or yellow 
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color to carrots. The growth-promoting activity of vegetables 
may be due to carotene which, in the process of digestion, yields 
vitamin A. There are three modifications of carotene known as 
a, and 7 forms. The formula for / 3 -carotene is shown below : 


CHs CHs 


CHs 


CH3 


/ \ I 1 

Had C~CH=CH-~C=CH— CH=CH— C=CH 


H2C C— CHs 


H2 

CHs CHs 


H2C 


CHs 


CHs 


CH 

CH 


C— CH=CH--C=CH— CH=CH— C=CH 


H2C C—CHs 

\c/ 

H2 


jS-CarotcJje 


Lycopin, the red pigment found in tomatoes, is isomeric with 
carotene ; that is, it has the same empirical formula, C40H56, but 
a different structure. 

Vitamin B. The cause of beriberi, a disease that for many 
generations took a heavy toll of life in Japan, China, and India, 
was traced to the use of polished rice as the main foodstuff. 
The disorder was prevented when whole rice was substituted 
for the milled product. Well-developed cases of the disease 
have been cured by the addition of rice bran to the food of the 
patients. The pericarp, or outer layer, of the rice kernel con- 
tains a chemical substance which prevents and cures the disease 
known as beriberi. The chemical nature of this substance has 
not been determined. It is present in extremely small quantities 
in the grain, and attempts to isolate it in a pure state and to 
determine its chemical constitution have failed. 

Vitamin B has been obtained from many sources, including 
milk, yeast, egg yolk, and all cereals. The active substance has 
been concentrated and obtained in solid form. Several possible 
structural formulas for the compound have been written, but 
the evidence in support of any formula proposed, up to the 
present time, is inconclusive. With hydrochloric acid the vita- 
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min forms a crystalline salt which, according to Jansen and 
Donath, corresponds to the formula C6H10N2O - HCl. The 
compound fails to react with nitrous acid. We may assume, 
therefore, that it is neither a primary nor a secondary amine. 
It is probable that the nitrogen atoms are in a pyrimidine ring 
or in an imidazole ring. 

Vitamin C. Scmwy is a disease that develops when there is a 
deficiency of vitamin C in the diet. This vitamin is present in 
small but sufficient quantities in most green vegetables, and it is 
especially abundant in lemons, oranges, and tomatoes. When 
vitamin C is not present in the diet the bones become brittle, 
the teeth loosen, and hemorrhages accompany any bone injury. 
Milk contains the antiscorbutic substance in sufficient quan- 
tities to afford protection against scurvy when milk constitutes 
the complete diet. Pasteurized milk is only slightly inferior to 
raw milk in this respect. 

Vitamin C, known also as ascorbic acid, has the empirical 
formula CoHsOo. The compound exhibits keto-enol tautomer- 
ism and corresponds to the following structures : 


0 


0 


CO CH— CHOH— CH 2 OH 
CH—i 

I II 

OH 0 


CO CH— CPIOH— CH 2 OH 

c=(!i 

I I 

OH OH 


keto-iovm 


enol-tovai 


Vitamin D. This compound is known as the antirachitic 
vitamin. In its absence calcium metabolism is imperfect and 
the bones are not properly nourished. In children lack of this 
substance causes rickets. As in the case of vitamin A, this sub- 
stance is found in the fish-liver oils. 

Ergosterol, C28H44O, is a compound that is widely distributed 
in nature and especially abundant in oils derived from animals. 
When ergosterol is irradiated with ultra-violet light, vitamin D 
is formed. Ergosterol and vitamin D have the same empirical 
formula. The conversion of ergosterol into the vitamin is ac- 
complished through a molecular rearrangement which is 
catalyzed by light. Light corresponding to a wave length of 
275 fxfi or longer is advantageously employed. Light of higher 
frequency (shorter wave length) gradually decomposes the 
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vitamin.* The structural formulas of ergosterol and vitamin D 
have not been definitely established. The following formula for 
ergosterol has been proposed, but it has not been verified by a 
synthetic procedure. The formula is in harmony with the facts 
that, up to the present time, have been established with refer- 
ence to this compound. 


CH. 


CH3CH-CH=CH— CH—CH— CHs 



Ergosterol (m.p. 160°) 
(provisional formula) 




TT r’TT 

ils oJis 


The isocyclic system of three six-membered rings and one 
five-membered ring shown in the ergosterol formula is found 
in many compounds of great importance in the field of biochem- 
istry. All sterols contain this structural nucleus. The sterols 
found in plants and in animals are colorless crystalline cyclic 
alcohols of high molecular weights. Cholesterol, C27H45OH, 
which is present in human fats and especially in the lipoids of 
the brain, has a structure very similar to that of ergosterol. 
Cholesterol is an important component of the blood and of the 
bile, and it is the principal component of human gallstones. 
Cholic acid, taurocholic acid, and other bile acids belong also to 
this group. 

Vitamin E. A substance known as vitamin E performs an 
important function in preserving fertility in the animal king- 
dom. The compound, apparently, is not related to the sex 
hormone of the pituitary body. Sterility follows the use of a 
diet from which this vitamin has been excluded. Rats have 


* Reerink and Van Wijk, Biocliem. J., 23, 1294 (1929). 
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been used in experiments of this kind.* Although the com- 
pound is known as the a?zfo‘sterility vitamin, it is no more impor- 
tant, in the matter of maintaining fertility, than is vitamin A. 
The absence of vitamin A stops reproduction. The importance 
of vitamin E seems to be limited to its role in promoting fer- 
tility, whereas vitamin A performs many other functions. Vita- 
min E is found in many vegetables, especially in lettuce. 
Wheat-germ oil and fish oils are other prolific sources. 

For a critical review of the literature relating to these 
compounds see The Vitamins, Sherman and Smith, Reinhold 
Publishing Corporation, New York. 


* Evans and Burr, J, Am. Med. Assn., 88, 1462 (1927). 



PURINES AND PYRIMIDINES 

THE PURINES 

In order to establish structural formulas for purine and its 
derivatives we must first become acquainted with a few simple 
condensation products of urea. 

Urea is an amide of carbonic acid. Retaining to some extent 
the character of ammonia, it reacts with acid chlorides, forming 
substituted amides. Thus, for example, it combines with acetyl 
chloride, forming acetyl urea : 

.NHa /NH • COCHs 

CO< +CH 3 -COC 1 — >CO< +HCL 

NnH2 \NH2 

Acetyl urea crystallizes in long, silky needles, melting at 214°. 
When boiled with an alkali it is hydrolyzed to acetic acid, carbon 
dioxide, and ammonia. 

Similar products are formed with urea and dibasic acids. The 
reaction is usually carried out by heating a mixture of the acid 
and urea with phosphorus oxychloride, POCI3, at temperatures 
ranging from 100° to 200° t 


NH2 

1 

COOH 

NH- 

j 

-CO 

CO 

1 

+ . . — 

»-CO 

1 

+2H20. 

NH2 

COOH 

NH- 

-CO 

Urea 

Oxalic acid 

Oxalyl urea 
(parabanic add) 

NH2 

1 

COOH 

i 

. NH- 
1 

-CO 

CO 

j 

1 1 

-j- CH2 " — ^ CO 

t 1 

CH2 + 2H20. 

NH2 

COOH 

NH- 

1 

-GO 

Urea 

Malonicacid 

^ M 

(barbituric acid) 
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NH2 COOH NH—CO 

I I I I 

CO +CO — >CO CO +2H2O. 

II I I 

NH2 COOH NH—CO 

Urea Mesoxalie acid Mesoxalyl urea 

(alloxan) 

These cyclic compounds are crystalline solids. They are all 
readily decomposed by boiling them with alkali, the hydrolysis 
occurring in two stages. Oxalyl urea, commonly called para- 
banic acid, reacts with one molecule of water to yield oxaluric 
acid. By continuation of the hydrolysis an additional molecule 
of water is used, urea is liberated, and oxalic acid is formed. 
(Salts rather than free acids are the actual products, for the 
hydrolysis is accomplished in alkaline solution.) 


NH 

I 

CO 

I 

NH 


CO 

H2O 

CO 


Parabanic acid 



>-CO 


COOH 

I H2O 


NH CO 

Oxaluric acid 


NHa 

I 

CO T" 

I 

NH2 

Urea 


COOH 

COOH 

Oxalic 


As a final step the urea is hydrolyzed to carbon dioxide and 
ammonia. All amides are hydrolyzed by hot alkalies. 

Two molecules of urea combine with one of glyoxalic acid to 
form allantoin. The condensation may be written as follows : 


NHH 


0 


HNH 


CO 

! 

NH2 


+ 


CH + CO 


COOH HNH 


NH~CH— NH 



NHo CO—NH 

Glyoxalyl urea (allantoin) 


Glyoxalic acid is always associated with one molecule of water, 
and although it has the properties of an aldehyde it may have 
the structure 

H H 


HO— C— OH instead of C =0 

COOH COOH 

It is one of the few compounds in which two hydroxyl groups 
seem to be held by the same carbon atom. 
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Allantoin is a tasteless, odorless, crystalline substance, which 
melts and decomposes at 231°. It forms insoluble salts of 
lead, silver, copper, and mercury. It is soluble in water and 
in alcohol, and is hydrolyzed by hot alkalies to carbon dioxide, 
ammonia, and a salt of glyoxalic acid. 

The hydrogen atoms in the malonic acid residue of malonyl 
urea are replaceable by metals or by halogens, as they are in 
malonic ester. Thus, by the action of sodium and subsequent 
treatment with an alkyl halide, any mono-alkyl or di-alkyl 
derivative of barbitmic acid may be prepared. 

Malonyl urea reacts with nitrous acid, yielding violurie acid, and hydroxyl- 
amine acts upon mesoxalyl urea to form the same compound. The structure 
of violurie acid is consequently established : 

NH—CO NH— CO 


CO CHa + ONOH — ^ CO C=NOH 


NH—CO NH—CO 

Malonyl urea Violurie acid 

Violurie acid is a colorless, crystalline solid. Its esters are colorless also; 
but it forms yellow, red, and blue salts. The structures of these salts have 
not been determined with certainty. 

Uric acid occurs in small quantities in the blood and in nor- 
mal urine. It is present in large amounts in guano (18 per cent 
to 25 per cent) and is the chief component of the excrement of 
serpents. It is crystalline, odorless, and tasteless, very slightly 
soluble in water (1 : 10,000), and insoluble in alcohol and ether. 
Even the alkali metal salts of uric acid are only sparingly sol- 
uble. The monosodium salt dissolves in 1100 times its weight 
of water at 15°; the corresponding lithium salt dissolves in 
870 parts of water. The disodium salt of uric acid is much 
more soluble (1 : 60). 

The history of the researches that led to the proof of the 
structure of luic acid is fascinating and instructive. Only 
an outline of the problem can be given here. The first serious 
attempt to determine the chemical nature of uric acid was 
made by Baeyer in 1863. The accepted formula was proposed 
by Medicus in 1875, and its validity was proved by Fischer in 
1883. The main reactions that were used in establishing the 
structure of the uric acid molecule were oxidation processes 
that broke the molecule into simple units, each of which could 
be identified and synthesized.. 


THE PURINES 


319 


From the results obtained by analyses and molecular-weight 
determinations, its molecular formula is shown to be C5H4N4O3. 

When oxidized by potassium permanganate in alkaline solu- 
tion, uric acid yields allantoin. It therefore contains two urea 
residues and the ring structure found in allantoin : 

C— N 

I 

C 

1 

C— N 


When oxidized with nitric acid, m*ie acid yields alloxan and 
parabanic acid. It therefore possesses a structure that includes 
the rings found in these compounds, namely : 


N— C 


C— N 


C C and 



N— C 


C— N 


By condensing cyanic acid with uramil, Baeyer synthesized 
a compound which he called pseudo-uric acid. It differs from 
uric acid by one molecule of water : 

NH— CO NH— CO 

I I /H I 1 

CO C< 4 -HNCO— ^CO CHNHCONH2 

I 1 1 I 

NH— CO NH— CO 

He tried in vain to dehydrate this compound in such a way as 
to leave uric acid. Fischer completed Baeyer ’s task by dehy- 
drating pseudo-uric acid through the agency of hot hydrochloric 
acid. Uric acid was thus produced synthetically. 

On the basis of these facts, Baeyer, Fittig, and Medlcus 
proposed the following structures for the uric acid molecule: 

NH— CO 

1 .' 1 . ,.■■■■■■■■ 

GO CHNHCN 
1 I 
NH— GO 

Baeyer 

Fischer proved the presence of four imide groups in uric acid 
by preparing a tetramethyl derivative, from Which all the 


NH-tG— NH NH— GO 


CO (COCO 
1 i 
NH-iC— NH 

Fittig 


CO C— NHv 
I II >C 0 
NH— C— NH/ 

Medicus 
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nitrogen in the compound could be obtained, by saponification, 
in the form of methylamine. This evidence was in harmony 
with the formulas proposed by Medicos and Fittig, but it 
ruled out the Baeyer structure. Hill, at Harvard, made the 
next advance by preparing two different monomethyl deriva- 
tives, in each of which the methyl group was attached to nitro- 
gen. The symmetrical formula of Fittig, therefore, had to be 
rejected. Finally Fischer confirmed the Medicus formula by 
showing that on oxidation one of HilFs monomethyl deriva- 
tives yields alloxan and methyl ui'ea, whereas the other, under 
similar treatment, yields methyl alloxan and urea. In other 
words, only one of the two imide (NH) groups in which the 
methyl radical had been substituted for the hydrogen atom was 
in the alloxan ring. 

In many of its reactions uric acid acts as if its oxygen atoms 
were in hydroxyl gioups. Phosphorus trichloride, for example, 
acts upon uric acid, forming trichloropurine. In this reaction 
three oxygen and three hydrogen atoms are replaced by three 
chlorine atoms. In some other reactions uric acid behaves like 
a ketone. It is a phenomenon similar to that displayed by the 
oximes and acetoacetic ester. It is a case of keto-enol tautomer- 
ism, and the two structures of uric acid correspond to the formulas 

NH--CO 
i 1 

CO C— NH. 

I II >CO 

NH— C— NH/ 

Koto form 

Purine. A colorless, crystalline compound composed of car- 
bon, hydrogen, and nitrogen only, and having the same con- 
densed carbon and nitrogen rings as found in uric acid is known 
as purine. Its structure was written and the name applied to it 
fourteen years before the compound was known to exist. It 
wns, therefore, at first a purely hypothetical substance repre- 
senting what might be expected to form if uric acid could be 
reduced until it contained only the three elements mentioned, 
without changing the ring structure. Uric acid and all other 
compounds having the same carbon-nitrogen skeleton are re- 
garded as purine derivatives and named in accordance with 
the positions occupied by substituting groups. The positions 
of the elements in the purine rings are numbered as follows : 



THE PURINES 

1N=6CH 
i ! 

2CH 5C--7NK 
!i l( ^8CH 

3N 4C— 9N^ 


Purine is a very weak base. It melts at 217° and dissolves 
readily in water. All its oxy-derivatives display keto-enol 
tautomerism. 

The systematic names and the common names and formulas 
of some purine derivatives are shown below : 


n=ch 


NH— CO 


CH C— NR 

II II ^CH 

N C— 

Purine 

NH—CO 


CO C—NR 

I II >co 

NH— C—NH^ 

2, 6, 8-Trioxypurine (uric acid) 

NH—CO 


CO C— NH. 

I II 

NH— C— N^ 

2, 6-Dioxypurine (xanthine) 

NH—CO 


CH C— NR 

II 11, ^CH 

N C— N^ 

B-Oxypurine (hypoxanthine) 

CR-N-CO 


CO G— N— CHs 

I 11 ‘\CH 
CH3— N— C— N/ 


CO C— N— CH3 

1 11 ^CH 

CHb-N-C— N/ 


3 , 7-Dimethyi-2, 6-dioxypurine (theobromine) 1, 3, 7-Trimethyl-2, 6-dioxypurme (caffeine) 


N=C— NH. 


NH—CO 


CHC— NH 

II II \CH 

N— C— N/" 

6-Anrinopurine (adenine) 


RN-C C— NH 

11 II \cH 

N— C— N/ 

2-Ainino-6-oxypurinc (guanine) 


CHs— N— GO 


CO G— NH 

1 II \CH 

CHs— N— C— N/ 

1, 3-DimethyI-2, 6-dioxypurine (theophylline) 
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Caffeine crystallizes from water in white needles having a 
silky luster and a bitter taste. It sublimes under atmospheric 
pressure at 178°, and melts in a sealed tube at 237°. Caffeine 
occurs in coffee (0.5 per cent to 1.5 per cent). Its physiological 
action is of some importance. It acts (1) upon the central nerv- 
ous system, (2) upon the kidne 3 ^s, and (3) upon the heart. It is 
a cerebral stimulant. It overcomes drowsiness and relieves 
fatigue. Intravenously injected it quickens the heart action 
and temporarily produces a stronger pulse. Upon the kidneys 
it acts as a diuretic, and on this account its use has been ad- 
vocated in the treatment of various tj-pes of mdcma. In addi- 
tion to these chief characteristics one other effect should be 
mentioned which, however, is not general but depends largelj^ 
upon the idiosyncrasies of individuals, namely, its influence 
upon digestion. Many suffer from indigestion if caffeine is 
used in large amounts. 

Theohromine is found in chocolate (1 per cent to 2 per cent). 
It is a colorless, crystalline body which sublimes at 290° 
(m.p. 337°). Like caffeine it is a nerve stimulant and a diuretic. 
It is only slightly soluble in water and in alcohol but dissolves 
readily in ether. Theobromine, caft*eine, and other purines are 
partly oxidized in passing through the body and are excreted 
chiefly in the form of uric acid. 

Adenine is obtained as a hydrolj’-sis product of nueleoproteins 
of both plant and animal origin, and may be obtained in crys- 
talline form from an aqueous extract of tea leaves. It decom- 
poses at 365°. 

Guanine occurs with adenine in plant and animal tissues 
and especially in nucleic acid. It is practically insoluble in 
water and in alcohol, but dissolves in basic solutions. Guanine 
and adenine are the only amino purines found in nature. 

TricMoropurine is prepared bj?' treating uric acid with phos- 
phorus oxychloride ; and from this derivative most of the pu- 
rine bases maj^ be made by direct processes of substitution. 
The control of these substitutions is rendered possible by the 
fact that the chlorine in position 6 is far more reactive than 
either of the others, and the halogen atom in position 2 is 
more reactive than the one in position 8. Thus, when 2, 6, 8- 
trichloropurine is warmed with hydriodic acid, only chlorine 6 
is replaced by hjdrogen. Chlorine atoms 2 and 8 are, at the 


ing table : 


N=CCi 



CCl C— NH. 

II 

N- 


N=GNH2 


N= 


„ '^CCl 

Trichloropurine 

I (KOH) 

=GOH 


CGi C— NH. 
ii 

N- 


GCl C—NB 

1 11 
-C-N: 


II J^CG! t 
G— N^ N 

Dichloroadenine Dielilorohypoxanthina 

(HI) I (HI) 

NHa . NH— CO 



COCoHb 


GOC 3 H 5 C-NH 


'^CCl 


N==C 


CHC— NH 


C-N^ 


2 , 6-Dietho xy-S-ehlorop urine 

|(HI) 

NH— CO 


CH C— NH 


CO C—NB 


N— C— N' 

Adenine 

N==GOH 


>CH II II iCH I II ^ 

Hypoxanthine Xanthine 


CH 


N^cOH 


N— COH 


I 1 (NHO I I HI 1 I 
CCIC— NHs— >'CNH2 C-NHs--^ CNHsC-NHv : , 

II II : ^cci II II \cci I I 

N^ : '.N— G— N^„. , ...,N— G— N^ : . 

Dichlorohypoxanthine 2-Amino-6-oxy-8-chIoropurine Guanine 
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THE PYRIMIDINES 

The purine molecule contains a six-membered ring and a 
five-membered ring. The two are merged so that two of the 
carbon atoms belong to both rings. The separate rings, with 
hydrogen enough to satisfy the carbon valences, represent two 
definite compounds, known as pyrimidine and imidazole; 


N=== 

-CH 

1 


N= 

=CH 

j 

CH 

1 

C- 

-NH. 

j 

CH 

I 

CH 

II 

N— 

II 

_c- 

^CH 

-N^ 

II 

N— 

-CH 


CH—NHs^ 

II you 

CH~N^ 


Pyrimidine 


The atoms of the pyrimidine ring are numbered just as they 
are in purine, and derivatives of this cyclic structure are named 
as substituted pyrimidines. As a result of the exhaustive re- 
searches of Treat B. Johnson, the reactions of the pjTimidines 
and methods for synthesizing them are well known. Some of 
these derivatives are important components of every living 
cell. The nucleoproteins, for example, are composed of simple 
proteins, combined with a substance of unknown structure 
called nucleic acid ; and nucleic acid when hydrolyzed yields 
phosphoric acid, carbohydrates, purines, and pyrimidines. 
Among the more important members of the last class are thy- 
mine, cystosine, and luacil : 


NH— 

—CO 

N= 

-CNHs 

j 

CO 

1 

CCHs 

1! 

j 

CO 

j 

CH 

II 

I 

NH— 

it 

— CH 

j 

NH- 

II 

-CH 


5-Methyl-2, 6-diosypyriimdine 
(thymine) 


6-Amino-2-oxypyrjmidine 

(cystosine) 


2, 6-Dioxypyrimidine 
(uracil) 


These derivatives of pjmmidine are not very soluble in water. 
They decompose at their melting points : thymine, 321° ; 
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cystosine, 324° ; and uracil, 338°. On treatment with nitrous 
acid cystosine is converted into uracil. It is the usual replace- 
ment of an amino group by a hydroxyl gi’oup. In the same 
way adenine is converted into hypoxanthine and guanine into 
xanthine. Uracil and other oxypyrimidines, and the oxypurines 
as well, exist in two forms, corresponding to keto and enol 
structures. In solution an equilibrium is established between 
the two forms. If a reagent is used which reacts with a carbonyl 
oxygen, any one of these tautomeric compounds will behave as 
if it were a ketone. With a reagent which acts on a hydroxyl 
group the same compound responds with equal ease in the 
enolic form. Uracil in solution has the following structures : 


NH— CO 

i 1 

CO CH 

1 il 

NH— CH 



N=C0H 

I I 

COH CH 

II 11 

N CH 


THE ALKALOIDS 


The term alkaloid has been applied to any basic substance 
of vegetable origin which contains nitrogen in a heterocyclic 
I’ing. This definition of the term is too broad. It brings into 
the alkaloid group many compounds that, from a chemical 
point of \dew, are in no way related to each other. But at- 
tempts to classify the alkaloids on the basis of structure have 
been unsuccessful, and, with some reservations, this vague defi- 
nition is still used. It is doubtful whether the purine bodies, 
caffeine, theobromine, and related substances, should be called 
alkaloids, yet they are plant products sufficiently basic to form 
salts with strong acids, and they have nitrogen-carbon ring 
structures. 

Most of the t3T)ieal alkaloids are derivatives of pyi'idine or 
quinoline, but to define them as such derivatives would ex- 
clude morphine, the most important member of the group, the 
first one isolated, and the one to which the name was first 
applied. 

More than two hundred vegetable bases have been isolated, 
analyzed, and described. The structures of many of them have 
been determined, and some of them have been produced syn- 
thetically. An acquaintance with pyridine, pyrrole, quinoline, 
iso quinoline, and some of their derivatives is a prerequisite to 
the study of the alkaloids. 

Pyridine, C5H5N, is a colorless liquid, possessing a persistent 
and disagt'eeable odor. It dissolves in all proportions in water, 
alcohol, and ether. It is obtained from bones by dry distilla- 
tion, from coal tar, and from crude petroleum. It is obtained 
from nicotine and from quinine when these alkaloids are heated 
with zinc dust. It is reduced to piperidine by treatment with 
sodium amalgam and water. At a high temperature it reacts 
with hydrogen iodide, yielding normal pentane and ammonium 
iodide. 

Pyridine is a very stable compound. Oxidizing agents such 
as chromic acid, potassium permanganate, and concentrated 
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nitric acid do not attack it. At 300° concentrated suifiiiic 
acid acts upon it slowly, forming a jS-monosulfonic acid. 

The structure of pyridine corresponds to benzene in which 
one CH group has been replaced by nitrogen. It exhibits 
the same state of unsaturation as does benzene. The reduc- 
tion product, piperidine, referred to above, is a saturated 
cyclic compound. 


CH 

ca 

/ \ 

/ \ 

HC 

II 

CH 

HaC 

CHa 

II 

HC 

I 

CH 

1 

HoC 

j 

CHa 

\ / 

\ / 

N 

NH 

Pyridine 
(b.p. 115.6°) 

Piperidine 
(b.p. 106°) 


Pyridine may be prepared by the following methods : 
1. Ethylallylamine is oxidized by lead dioxide at 450°. 

CHa— CHs ■ CH=CH 


/ 


\ 

NH 

-fSPbOa— >-N 

CH + SHoO + 3PbO. 

\ 




CHa—CH=CPIo CH— CH 

2. Pentamethyienediamine, when heated, yields ammonia and 
piperidine. The latter is oxidized to pyridine by heating it 
with nitrobenzene. 

CHa— CHaNHa CHa— CHa CH=CH 

/ — NHi [Od / \ 

CHa >-CHa NH-!— iCH N 

\ \ / \ ^ 

CHa— CHaNHa CHo— CHa CH— CH 

PontamethykmediaminG Piljuridiiie Pyridine 

Pyrrole, C4.H5N, is a component of bone oil. It is separated 
from pjTidine by treatment with sulfuric acid. Pyrrole is not 
sufficiently basic to form a salt with the acid. On the other 
hand, it is sufficiently acidic to form a potassium salt when 
warmed with the free metal. The salt is hydrolyzed extensively 
when dissolved in water. Zinc and acetic acid reduce pjTrrole 


1 , 
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to pyrroline. Sodium and alcohol convert the latter into a 
basic substance called pyrrolidine. 


CH— -CH 


CH CH 


CB.2 — ~CH 


^-irr 

0X12 0x1 


CHa— CHa 


Cft 


CHa 


NH 

Pyrrole 
(b.p. 131°) 


NH 

Pyrroline 
(b.p. 91°) 


NH 

pyrrolidine 
(b.p. 88.6°) 


Quinoline (b.p. 237.7°) is a colorless, hygroscopic liquid. 
Like pyridine and other tertiary amines it forms quaternary 
salts by addition of alkyl halides or halogen acids. It bears the 
same relation to naphthalene that pyridine does to benzene. 
Sloraup synthesized quinoline by heating a mixture of aniline, 
glycerine, sulfuric acid, and nitrobenzene. The glycerine is 
dehydrated by sulfuric acid, and acrolein, CH 2 =CH — CHO, is 
formed. Aniline and acrolein yield a condensation product 
which is oxidized to quinoline by nitrobenzene.* 

The formation of quinoline is probably accomplished by the 
following series of reactions : Acrolein has conjugated double 
bonds, t and aniline acts upon it, forming a 1, 4 addition 
product, CgHs — ^NH— CH 2 — CH=CHOH. This unstable in- 
termediate product immediately assumes the isomeric form, 
CfiHs — NH: — CH 2 — •CH 2 — CHO. By an aldol t;^e of conden- 
sation (hydrogen passing from the ortho position in the benzene 
ring to the carbonyl oxygen in the side chain) a heterocyclic 
ring is formed. This product is oxidized and dehydrated, with 
the formation of quinoline: 


H /H 
C C\on 
^ ^\/\ 

HC C CHs 




HC C CH 2 

X/X/ 

C N 
H H 

Aldol condenaatioa product 


H H 
C C 

/\/\ 

HC C CH 

I If I 

HC G CH 


TT 

Xl 

Quinoline 


* For a list of possible products formed from nitrobenzene when it is heated with 
a reducing agent, see page 213. ^ ^ ^ ^ ^ ^ 

t See Gonjugation and Eesonaneej page 385. 
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IsoquinoKne is isomeric with quinoline and has very similar 
properties. Structurally it differs from quinoline only in the 
position of the nitrogen atom. It has been synthesized by 
heating the amide of phenylacetic-o-carboxylic acid and reduc- 
ing the resulting imide : 

0 -CH ~CONH, /\-CH2-~C0 . 

-CONH, IJ-CO-NH+™*- 

This imide enolizes in the presence of phosphorus oxychloride 
and is converted into dichloroisoquinoline. Hydrogen iodide re- 
duces the latter to isoquinoline : 


0 -GH=CCl 
“CG1=N 


HI 


|A— CH=-CH 
W-CH-N 


Many other methods have been devised for synthesizing pyri- 
dine, quinoline, and isoquinoline. 

The presence of nitrogen in the ring makes the possible num- 
ber of isomeric substituted pyridines much greater than the 
number of corresponding benzene derivatives. There are three 
monosubstitution products and six disubstitution products of 
pyridine. The positions in the ring are indicated by the letters 
of the Greek alphabet or by numbers : 


H 

C 

HC/'Vh 

1 , II 

HC^ ^GH 

N 


H 

C 

I II 

N 


For economy of space, the formulas of psrridine, quinoline, 
and isoquinoline may be written as follows : 



N N 


It must be remembered, however, that in each case the nitro- 
gen atom is in the ring and not externally attached to the ring. 
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Quaternary salts of pyridine are formed by direct addition 
of alkyl halides. When heated to 300°, these compounds 
undergo rearrangement corresponding to the shift of alkyl 
radicals from nitrogen to carbon in salts of aniline and of other 
aromatic amines : 

CHs 



NCH3I 

Methylpyridinium 

iodide 



y-Methylpyridine a-Methylpyridine 

hydi-oiodide hydroiodide 


Free a~ and 7 -methylpyridine are obtained by distilling alkaline 
solutions of the corresponding hydroiodides. 

Three monocarboxylic acids of pyridine are known, and ac- 
cording to the structure theory only three are possible. They 
are produced when certain alkaloids are subjected to oxidation, 
or they may be synthesized by oxidizing the a-, and 7 -alkyl 
derivatives of pyridine. These acids are colorless crystalline 
compounds. They are represented by the following formulas : 

GOOH 



Picolinic acid Nicotinic acid Isohicotinie acid 

(m.p. 137'') . (m-p-: 229") (m.p. 315°) 


The structures of these acids have been proved by synthetic 
methods. For example, applying the principle of Slmaup's 
synthesis of quinoline, we may condense a-naphthylamine with 
acrolein in the presence of a mild oxidizing agent, such as 
nitrobenzene, and obtain a:-naphthoquinoline. 



By oxidation it is possible to convert this product into a dicar- 
boxylie acid without loss of carbon. There is only one position 
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in the molecule where, by oxidation, two carboxyl groups could 
be formed without producing an acid with fewer carbon atoms. 
The position is indicated by the dotted line below : 



The carboxyl groups are replaced by hydrogen when the acid 
is distilled with lime, and the resulting a-phenylpyridine is con- 
verted by chromic acid into picolinic acid : 



Ng Nij 

Phenylpyridine dicarboxylic acid a-Pbenylpyridine Picolipio acid 


The constitution of nicotinic acid may be determined in a 
similar way. Acrolein combines with /S-naphthylamine as it 
does with aniline or a-naphthylamine. The condensation prod- 
uct is oxidized by nitrobenzene, forming a pyridine ring by at- 
tachment of the terminal carbon atom of the acrolein residue 
to a carbon atom ortho to the nitrogen of the aromatic amine. 
In Skraup’s synthesis of quinoline it makes no difference which 
of the two positions ori5i^o to the amino group is involved in the 
formation of the pyridine ring. When acrolein is condensed 
with o'-naphthylamine, as in the case referred to in the synthesis 
of picolinic acid, only one position ort/^o to the amino group is 
available. jd-Naphthylamine presents two possibilities: 
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The product actually formed can be converted into a dicar- 
boxylic acid without loss of carbon. There is no possibility of 
oxidizing formula I so as to produce a dicarboxylic acid, with- 
out at the same time reducing the number of carbon atoms in 
the molecule,, and formula II presents only one such possibility, 
as indicated below : 



The carboxyl groups are removed by distillation with lime, 
and the remaining phenyl radical is replaced by carboxyl 
through the agency of chromic acid. The superior stability of 
the pyridine ring is shown in these reactions. It is the benzene 
residue that suffers oxidation, yielding in this case nicotinic 
acid rather than benzoic acid : 



^-PhenylpjTidine Nicotinic acid 


CONIINE 

Coniine, CsHitN, a colorless liquid (b,p. 166°, sp. gr. 0.845), 
is the principal alkaloid in hemlock. The poisonous character 
of an extract of hemlock was known before the dawn of the 
Christian era. The fatal dose is from 0.1 to 0.2 of a gram. 
There is no satisfactory antidote. 

The free base was isolated by Geiger in 1831, and synthesized 
by Ladenburg fifty years later. It was the first alkaloid to be 
made by artificial methods. The constitution of the compound 
was determined by Hofmann through an interpretation of the 
following changes. 
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When coniine is distilled over zinc dust, it gives rise to free 
hydrogen and a compound known as conyrine, having the 
empirical formula CgHnN. 

CsHitN ^ CsHiiN + 3 Ha. 

Coniine Conyrine 


Conyrine is readily oxidized to picolinic acid, which differs 
from conyrine by CaHeOa. The two oxygen atoms are intro- 
duced by the oxidizing agent in forming the carboxyl gi’oup, 
— conjrine itself contains no oxygen. The loss of carbon and 
hydrogen in the oxidation process amounts, therefore, to CaHf,. 
Since picolinic acid has only one carboxyl group, it is evident 
that conyrine is a derivative of pyridine with one and only 
one side chain. The side chain must be in the a position, since 
in picolinic acid the carboxyl group occupies this position. 
The composition of the side chain must be C3H7. It is CaHe 
plus the carbon and hydrogen retained in the carboxyl group. 
The formula may be written . 


iCsHr 


The question as to whether the side chain is normal propyl 
or isopropyl was settled by subjecting conjTine to the action 
of hydriodic acid at 300° C. It was reduced to normal octane 
and ammonia. Conyiine is, therefore, normal propylpyridine, 
and coniine, having six more hydrogen atoms, is the corre- 
sponding saturated compound, ?z-propylpiperidine: 


H 

H2 

C 

c 


/\ 

HC CH 

H2C CHa 

j 11 

HC C-CH2— CH2-CH3 

1 1 

HaC CH-GHs— CHs- 

\/ 

\/ 

N 

N 


H 

Conyrine 

Coniine 


CH 


3 


All syntheses of coniine lend support to the conclusion that 
it has this structure. The simplest and most direct synthesis 
is accomplished by condensing cc-methylpyridine (picoline) with 
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acetaldehyde, in the presence of zinc chloride, and reducing 
the condensation product : 

CHa + OCH • CHs (^GH : CH • CHs 


N 


N 

Picoline 

Acetaldehyde 

Allylpyridine 

(b.p. 12S“) 

(b.p. 190°) 

TT 


Ha 


[8H] Haf^Ha 

NH 

Coniine 
(b.p. 166.5“) 

The racemic mixture produced by this synthesis was re- 
solved by Ladenburg into the optically active forms, by frac- 
tional distillation of the coniine tartrates. The dextrorotatory 
modification and coniine derived from hemlock were found to 
be identical. 

. NICOTINE 

Nicotine, C10H14N2, when pure, is a colorless, odorless liquid. 
It acquires a brown color and a tobacco odor on standing. It 
is fully as poisonous as hydrocyanic acid and about ten times 
as poisonous as coniine. It has an alkaline reaction, produces 
a burning sensation in the mouth, and causes profuse salivation. 
Acute nicotine poisoning gives rise to mental confusion, vomit- 
ing, and finally convulsions. 

Nicotine occurs in the leaves of the tobacco plant, principally 
in the form of salts of malic and citric acids. The tobacco 
plant is the chief source of this alkaloid. The plant is indige- 
nous to America and was unknown in Europe until 1650 . 
The component of tobacco that acts as a habit-forming drug 
has not been discovered. It is not nicotine. 

Nitric acid converts nicotine into nicotinic acid. The 
alkaloid is therefore a pyridine derivative, and the side chain, 
G5H10N, is in the (3 position. Nicotine is a ditertiary base, 
yielding, with methyl iodide, two different quaternary salts. 
Each nitrogen atom, therefore, is linked by three valences to 
carbon. The nitrogen of the pyridine ring is less basic than the 
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one in the C 5 H 10 N group; for when the monohydroiodide is 
treated with methyl iodide and then oxidized with potassium 
permanganate, trigonelline is formed — a compound known to 
have a methyl group on the pyridine nitrogen. In forming the 
monohydroiodide it is evident that the hydrogen iodide en- 
ters into combination with the nitrogen of the C5H10N group, 
leaving the nitrogen of the pyridine ring free. On further 
treatment with methyl iodide or hydrogen iodide the pyridine 
nitrogen also is called into play : 


C5H10N HI 


CsHinlSrHI CH3I 


CbHioNHI 


Monohydroiodide 
of nicotine 


CbHioNHI 


Mn04 


N— 0 


CH 3 GH 3 

Trigonelline 

The monohydroiodide when heated yields methylamine. The 
group C 5 H 10 N must, therefore, contain a methyl group attached 
to the nitrogen. On the basis of these and other considerations, 
the following structure is assigned to nicotine : 

rfo- pty r*TT 

Vjjn 0x12 ~~Oxl2 

v/' r,: 

. ■ EC :C-~-CE-:' 'CHs .. ' 


HC CH 

■ N . 


Pictet confirmed this constitution of the alkaloid by syn- 
thesizing d-methylpyrrolidinepyridine and resolving it into its 
enantiomorphic forms. The Isevorotatory compound proved 
to be nicotine. 
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ATROPINE 

Atropine, C 17 H 23 NO 3 , a colorless, crystalline alkaloid, is 
obtained from the roots and leaves of the nightshade by ex- 
traction with alcohol. Distinct symptoms of poisoning follow 
the ingestion of quantities as small as 0.006 of a gram of 
atropine, and 0.05 of a gram constitutes a fatal dose. 

The symptoms are extreme thirst, inability to swallow, 
hoarseness, and headache. The pupils of the eyes are enlarged, 
and vision is indistinct. In the last stages violent types of 
delirium and convulsions are common. Respiration is an’ested 
during the spasms, and in many cases death has resulted from 
asphyxia. Atropine is used in optic surgery. It acts as a local 
anaesthetic on the nerves controlling the muscles of the eye. 

Atropine is an ester. When hydrolyzed it jdelds tropic acid 
and tropine. In order to establish the constitutional formula 
of atropine it is necessary to determine the stmctures of these 
hydrolysis products. 

Tropic acid has the empirical formula CoHioOa. Atropic acid 
is CoHsOj. Both are converted into benzoic acid by oxidation. 
Each may, therefore, be represented by a benzene ring with one 
side chain. . 

Tropic acid 

They are monobasic acids, hence each has a carboxyl group in 
the side chain. Tropic acid has a hydroxyl group also, for it 
forms an acetyl derivative with acetic anhydride. There are 
foul’ possible structures for a benzene ring with one side chain 
— the side chain having the composition G3H5O3 and possessing 
one carboxyl group and one alcoholic hydroxyl group. One of 
these structures must represent the tropic acid molecule : 


Q— C3HA 

Atropic acid 


CH, • CHOH • COOH / \CHOH • CHj ■ COOH 




II 


yCHaOH 

jCH 

I ^COOH 



yKjJLX^ 

CDE 

Ncooh 

■ ■ IV ■ 


III 
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When tropic acid is heated, it loses water and forms atropic 
acid. Atropic acid has no alcoholic hydroxyl group. It is 
unsaturated and forms an addition product with bromine. 
Formulas I and II would yield the same product if water were 
eliminated and a double bond established with removal of the 
alcoholic hydroxyl group. Its formula would necessarily be 

|Q--CH=CH— COOH 

but this is cinnamic acid, not atropic. Therefore tropic acid 
is not represented by I nor by II. Formulas III and IV would 
yield the same product if dehydrated, namely, 


.CH, 

l^^COOH 


Atropic acid 

This product is, therefore, atropic acid, and tropic acid is either 
III or IV. 

A compound having formula IV has been made synthetically 
from acetophenone by the following reactions : 

/CH3 
C^OH 
\COOH 

This product is not tropic acid ; it is known as atrolactic acid. 
Formula IV is thus excluded, and the only possible structure 
for tropic acid is 



CH 


CH2OH 


Q \COOH 

Tropine, CgHisNO, crystallizes in colorless plates (m.p. 63®, 
b.p. 233®). It is a strong tertiary base, hygroscopic, and op- 
tically inactive. It forms esters with acids and with acid 
chlorides; hence its oxygen atom is in a hydroxyl group. When 
distilled with barium oxide, it yields water, methylamine, and 
tropilidine (GrHs). The latter is a seven-membered ring com- 
pound . The production of methylamine indicates that in 
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tropine there is a methyl group attached to the nitrogen atom ; 
and since it is a tertiary amine, the nitrogen must be attached 
to carbon by two other bonds also. When heated to 220° with 
sulfuric acid, tropine yields an unsaturated tertiary base, 
tropidine, containing no oxygen : 

CsHisNO — CsHisN + H2O. 

Tropine Tropidine 


Tropidine is reduced by hot hydriodic acid to normal heptane 
and methylamine, indicating its possession of a structure capa- 
ble of yielding an unbranched chain of seven carbon atoms 
when the nitrogen and its attached methyl group are removed. 

Methylpiperidine and methylpyrrolidine have been identi- 
fied among the products obtained from tropine by distillation 
with zinc dust. We have, therefore, in tropine a continuous 
chain of seven carbon atoms and a nitrogen atom attached to 
a methyl group and to two other carbon atoms. The nitrogen 
atom is a member of a piperidine ring and at the same time a 
member of a pyrrolidine ring. 

The skeleton of the tropine molecule must, therefore, appear 
as follows; ^ 


-C- 


-c 


6 


N— CH 3 C 

I I 

-C— C 


When tropine is oxidized with potassium pennanganate or 
lead dioxide, a ketone, tropinone, is formed, differing from tro- 
pine by two h 3 ’'drogen atoms. The hydroxyl group in tropine is 
therefore in a secondary alcohol group, CHOH, and this group 
is in the six-membered ring; for when the hydroxyl group is 
replaced by bromine and the compound is decomposed by heat, 
bromomethylpyridine is formed. Similar evidence is obtained 
by dehydrating tropine by means of hot sulfuric acid. The 
hydroxyl group is removed with hydrogen from an adjacent 
carbon atom. The unsaturated product formed (namely, tropi- 
dine, CgHisN) absorbs bromine, yielding tropidine dibromide, 
CsHisNBr^j, which decomposes at 180°, with the formation of 
dibromomethylpyridine. 

Conversion of a secondary alcohol into a ketone enhances 
the activity of hydrogen on carbon atoms adjacent to the 
oxidized group* Consideration of this fact led Willstatter to the 
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conclusion that the carbonyl group in tropinone is between 
two methylene (CH2) groups, for tropinone reacts with nitrous 
acid, yielding a di-isonitroso derivative, and with benzaldehyde, 
giving a dibenzal derivative. Tropine is the corresponding sec- 
ondary alcohol. The following structures account for the 
properties of these compounds : 


CH2 


CH2 

Tropine has a ring system including piperidine, pyrrolidine, 
and heptamethylene nuclei. The structure accounts for the 
formation of methylamine and heptane on reduction, the pro- 
duction of pyridine derivatives when oxidized with bromine, 
the formation of tropidine by elimination of water, and all 
other properties of the base. 

Atropine is the tropine ester of tropic acid, 


-CH- 


-CH2 CH2- 


-CH- 


-CHo 


N— GHs CO 


-CH- 


-cm 


N— CHs CHOH 


CH2- 


Tropinone 


-CH-— 

Tropine 


-CH2 


CHa— 

— gh 

I 

-CH2 

\ 


N— CHs 

1 

\ 

y 

cm— 

CH 

-CH2 


€H - 0 . GO 


Atropine 


CH 2 OH 
CH— <^> 


Scopolamine (hyoscine), C 17 H 21 NO 4 , is another alkaloid be- 
longing to this group. It is represented by the following formula : 


< 


/ 


CH- 


-CH- 


'^CH 


N— CHs 

-dn 


-CH2 

(^H—O— CO- 


CH 2 OH 


H2 

Scopolamine 


/ 

-CH 

'^CeHs 


COCAINE 

Cocaine, C17H2.1NO4, is a white crystalline solid melting at 
98°. It is extracted from coca leaves. It has a bitter taste, an 
alkaline reaction, and is Isevorotatory. It has been used ex- 
tensively as a local anaesthetic, but it is being supplanted by 
the less harmful novocaine — a synthetic product not related 
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to the alkaloids. Cocaine is a poison, but it requires a large 
dose (nearly one gram) to cause death in man. Small doses 
cause restlessness and imtability, with quickened pulse. It is 
used habitually in very small amounts by some individuals 
who claim that it acts as a tonic, overcoming fatigue and sen- 
sations of hunger. Many workmen in the Andes chew the 
coca leaves, believing that they derive therefrom unusual power 
of endurance. 

On hydrolysis cocaine yields ecgonine, benzoic acid, and 
methyl alcohol: 

Ci7H-2iN 04 -f 2 HoO — > C9H15NO3 + CoHsCOOH + CH3OH. 

Cocaine Ecgonine 

Ecgonine is a monobasic acid and a monohydric alcohol. 
When warmed with sulfuric acid it 3 delds water and anhydro- 
ecgonine, C9Hi3N02. The latter is an unsaturated acid. It 
retains the carboxyl group of ecgonine, but it has no alcoholic 
properties. At 280° anhydroecgonine decomposes, yielding 
tropidine and carbon dioxide. It will be recalled that tropidine 
is formed when a molecule of water is removed from tropine ; 
its structure, therefore, is known : 


CHo — 

CH 

-CHa 


NCHa 

j 

cn 

CHo — 

1 

— dH — 

II 

-CH 


Tropidine 


It is obvious, from the reactions mentioned above, that 
anhydroecgonine is tropidine carboxylic acid, but the position 
of the carboxyl group must be determined. 

The hydroxyl gi'oup in ecgonine occupies the same position 
that it does in tropine, for the removal of the carboxyl group 
in ecgonine (and simultaneous oxidation of the CHOH group 
to carbonyl) by treatment with dilute chromic acid solution 
results in the formation of tropinone. 

Anhydroecgonine can be reduced to a saturated carboxylic 
acid. The carboxyl group may then be replaced by an amino 
group by converting the acid to an amide and warming the 
amide with bromine and potassium hydroxide (Hofmann 
rearrangement). When the amino grotip is replaced bj'' a hy- 
droxyl group through the agency of nitrous acid, the product 
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obtained is an isomer of tropine and identical with one of the 
products obtained from tropidine by the addition of hydrogen 
bromide and subsequent hydrolysis of the bromine derivative. 
Hence in ecgonine the hydroxyl group and the carboxyl group 
are on adjacent carbon atoms : 


CH2 — 

CH 

-CH— COOH 


1 

NCH3 

1 

CHOH 

1 

CHa — 

CH 

-0 

1 


Ecgonine 



Cocaine, therefore, corresponds to the following structure : 


yCO • 0 • CH3 

CHa— CH— C— H 
I \ 

NCHa CH . 0 • CO • CeHs 
CHa— CH— CHa 

Cocaine 

The effects produced upon the sensory nerves by this alkaloid 
have been traced to the reciprocal relations of the tropine, 
benzoyl, and methoxy groups. Methylecgonine and benzoyl- 
tropine do not resemble cocaine in physiological properties. 


CO-OCHs 


CH 2 — CH— C— H 

NCH, GHOH 
I / 

GHj— CH— CHj 

Methylecgonine 


CHa— CH—CHa 
I \ 

NCH 3 CH.O.CO.CgHs 
CH 2 — CH— CH 2 

Benzoyltropine 


With both ester groups in the same molecule the anaesthetic 
property appears. Other aliphatic radicals may be substituted 
for the methyl group without destroying the physiological ac- 
tivity of the substance ; but substitution of other radicals for 
the benzoic acid residue lessens or destroys its activity. This 
fact has led to the investigation of many benzoic acid deriva- 
tives, and some of them have proved to be capable of producing 
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local anesthesia. The most successful substitute for cocaine, 
namely, novocaine, belongs to this group : * 

HaN— <y~^CO • 0 • CHa • CH2 ■ N(C2H5)3 • HCl. 

Novocaine 

The free novocaine base is insoluble in water. 

STRYCHNINE 

Strychnine, C21H22N2O2, occurs with brucine, C23H26N2O4, in 
the nuts or seeds, leaves, and bark of the plants of the genus 
Strychnos. Nux vomica, the seed of Strychnos nux vomica^ con- 
tains more than one per cent of strychnine and as much brucine. 
Curare, a resin extracted from many species of trees, contains 
strychnine, brucine, curarine, and other poisonous bases. 

Strychnine crystallizes in prisms (m.p. 268°) which are solu- 
ble in alcohol and practically insoluble in water, f It is Isevo- 
rotatory, and has an alkaline reaction and a bitter taste. 

The structure of the strychnine molecule has not been deter- 
mined. Quinoline and indol have been isolated from the 
decomposition products obtained by fusing the alkaloid with 
caustic potash, and pyridine has been obtained from it by dis- 
tillation with lime. It possesses a carbonyl group, an alcoholic 
hydroxyl group, a reduced benzene ring, a quinoline residue, and 
an indol group ; and from these considerations Perkin and 
Robinson have proposed the formula given below. This struc- 
ture accounts for the reactions of strychnine, but until it is con- 
firmed by actual synthesis it must be regarded as tentative only : 

CH CH2 CH 

/\/ \/\ 

HC C CH CH 

! : 1 ! 1 1 

HC C C CH CHs 

\/\/\/\/\ 

C N C CH CH2 

H I I I I 
■ CO N--— CH CHs ■ 

\/ \/ 

. .. CH2: 7. 'CHGH'Vv;-) 

* For a discussion of compounds related to novocaine see Meyer and Gottlieb's 
"Pharmacology.” 

t Strychnine salts are soluble in water. The sulfate is generally used. 
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Instead of obtaining normally coordinated movements, in 
response to definite stimuli, every stimulus affecting the sen- 
sory organs of a victim of stiychnine poisoning causes simul- 
taneous contractions of all the skeletal muscles. These tetanic 
convulsions may last for a few seconds or for several minutes. 
After several convulsions paralysis develops and death results 
from exhaustion of the nervous system. The lethal dose is 
about 0.1 of a gram. 

MORPHINE 

The dried sap of some species of poppies constitutes a waxlike 
substance known as opium. It is a mixture of gums, resins, 
carbohydrates, fats, proteins, salts, and alkaloids. The chief 
representative of the group of vegetable bases in opium is 
morphine, C17H19NO3. 

Morphine is a colorless, crystalline base which melts and de- 
composes at 247°. It is only slightly soluble in water, benzene, 
chloroform, and ether, but it dissolves readily in alcohol. Its 
solutions are alkaline, bitter, and laevorotatory. 

The constitution of morphine has not been fully established. 
It is a tertiary base with a methyl group attached to the nitro- 
gen. It is a phenanthrene derivative, a phenol, and an ether. 

Codeine is a methyl ether of morphine. The quantity of 
codeine in opium is usually less than 0.5 per cent, whereas 
moiphine constitutes from 6 to 10 per cent of the substance. 
Twenty different alkaloids have been identified as components 
of opium, but with the exception of morphine, narcotine, pa- 
paverine, thebaine, and codeine they are present in mere traces. 

Morphine produces a variety of effects in various species 
of animals. In human beings it acts as a sedative, small 
doses causing sleep and toxic doses producing profound un- 
consciousness. Its most important therapeutic use is that of 
relieving pain, which is accomplished in most cases by adminis- 
tration of less than 0.01 of a gram. The ability to perceive 
pain is depressed by doses much too small to cause sleep. 

Although no other drug stands in the same class with mor- 
phine in respect to relieving pain, its use must be carefully cur- 
tailed, for, like other opium alkaloids, it develops in the patient 
a desire to have the treatment repeated even when he is free 
from pain. It is the most powerful habit-forming drug known.* 

* For a vivid description of the physiological effects of morphine read De Quincey’s 
"Confessions of an English Opium-Eater.” - - 
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Acute morphine poisoning is caused by doses ranging from 
0.03 to 0.06 of a gram. The average lethal dose for an adult 
unaccustomed to its use is about 0.35 of a gram. The system 
acquires tolerance for morphine, and habitual users take large 
doses with impunity. The effects described above are produced 
by much smaller quantities of the alkaloid if administered by 
hypodermic injection. 

CINCHONINE AND QUININE 

According to a South American tradition dating back to 1638, 
the Countess of Chinchon recovered from a fever after drinking 
an extract from the bark of a tree. The generic name Cinchona 
was later applied to the trees yielding similar products, and the 
first alkaloid isolated from the bark was called cinchonine. 

Cinchonine, C 19 H 22 N 2 O, crystallizes in prisms melting at 
255°. It is a strong ditertiary base, dextrorotatory, almost 
insoluble in water, soluble in alcohol, and much like quinine 
in its chemical and physiological reactions. Quinine is a 
methoxy derivative of cinchonine. The two alkaloids occur 
together, and they are usually associated with traces of at least 
twenty other related bases. 

Quinine is the most important member of the group. It is a 
drug of great therapeutic value. It is not a poison in the ordi- 
nary sense of the term ; still it is far from harmless if taken in 
large doses. It retards all vital processes, inhibiting every type 
of metabolic change. Quinine is used quite generally to combat 
fevers. Its efficacy, however, depends to some extent upon the 
nature and origin of the disorder. Its germicidal action on the 
malarial organism is specific, and it probably plays a similar 
rdle in the treatment of typhoid fever. 

Quinine and cinchonine are converted into toxic isomers 
through the agency of acetic acid or citric acid. The change 
consists of the migration of a hydrogen atom from carbon to 
nitrogen, converting an enol into a keto structure. 

Biddle * discovered that the rate of change of quinine into 
quinotoxine, or cinchonine into cinchotoxine, is proj)ortional 
to the concentration of undissociated acid present, the rear- 
rangement being inhibited by hydrogen ions. Sallmann f denies 

*Biddle, J. Am. C&em. Soc., S'?, 2088 (1915). 
t Med. Assoc,, 76, 999 
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that there is any danger in the use of quinine with an organic 
acid, for he maintains (1) that the conversion proceeds so slowly 
that only traces of quinotoxine could be formed during the few 
hours the drug remains in the stomach, (2) that the conver- 
sion cannot occur in the alkaline medium of intestinal fluids, 
and (3) that quinotoxine is not as poisonous as it is commonly 
believed to be. 

CH 


CHa— 


Quinine 



CHa CHa CH— CH=CH2 
(:H2 


N 


CH3O 



CHo— CO— CH2— CH 

ch=ch2 

N 


\/ 

NH 


Quinotoxine 


CH 




CO— CH2— CH 

CH=CH, 

Hai CHj 

Ginchotoxine 
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PIPERINE 


A crystalline alkaloid known as pipeline, C 17 H 19 NO 3 , is 
found in the berries of the pepper tree. It is almost insoluble 
in water, but dissolves in alcohol. It melts at 128° -129° and 
is optically inactive. It is a very weak base, neutral to litmus, 
and insoluble in dilute acids. It forms salts with concentrated 
hydrochloric, sulfuric, and nitric acids, but these addition 
products are rapidly and completely hydrolyzed when dissolved 
in water, the free base being precipitated. 

Piperine is hydrolyzed by an alcoholic solution of potassium 
hydroxide, the products being piperidine and piperic acid : 

CiyHiflNOs + H 2 O C 5 H 11 N + C 12 H 10 O 4 . 

Piperine Piperidine Piperie acid 

The constitution of piperidine is known. It is formed from 
cadaverine (pentamethylenediamine) by loss of ammonia, and 
is easily oxidized to pyridine. Its structural formula is 

CH2 

HsC Aa 
(!:h2 

Y 

H 

Piperic acid, C 12 H 10 O 4 (m.p. 217°), is an unsaturated mono- 
basic acid. It is only slightly soluble in water, but dissolves 
readily in carbon disulfide, and can be titrated with a standard 
solution of bromine in carbon disulfide. It absorbs four bromine 
atoms per mole of acid. The unsaturation, therefore, corresponds 
to the presence of two double bonds. Potassium permanganate 
oxidizes piperic acid to an aldehyde, piperonal, and finally to 
the corresponding acid, piperonylic acid : 


C32 Hio 04 CsHoOa -->• CsHrA. 

Piperic add Piperonal ' Piperonylic acid 

Piperonylic acid (m.p. 228°) is decomposed by hydrogen 
iodide at 180°, or by water vapor at 225°, with the formation 
of 3, 4-dihydroxybenzoic acid and carbon : 


C8H0O4 


+c 

hoMcooh^ 
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It is regenerated from 3, 4-dihydroxybenzoic acid (protocate- 
chuic acid) by treatment with methylene iodide and an alkali. 
Piperonylic acid is, therefore, the methylene ether of protocate- 
chuic acid : ^ 

2 KOH + CH2I2 + JcoOH 



COOH 


4-2KI + 2H20. 


Piperonylic add 


Piperic acid differs from piperonylic by C4H4, and since the 
latter has only one carboxyl group attached to the ring, and 
is derived from piperic acid by oxidation, the C4H4 and the car- 
boxyl group belong to the same side chain. Moreover, the 
side chain must be unsaturated to account for the absorption 
of four bromine atoms. The following structure meets these 
demands : . 

.oA 


CH,/ 


'CH;CH-CH;CHCOOH 

Piperic acid 


This structure has been confirmed by a synthesis of the acid. 
Piperonal and acetaldehyde, when dissolved in very dilute al- 
kali and warmed, yield piperonylacrolein : 



CHO + CHs-CHO 


^CH:CH - CHO 


+ HoO. 


This aldehyde condenses with acetic anhydride and sodium 
acetate, yielding piperic acid : 


ch/°A 

No\/CH : 


CH • CHO + (CHjCOsO + CHsCOONa 

/OA ■ 

JcH ; CH • CH : CH ■ COOH 
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Piperine is a condensation product of piperic acid and piperi- 
dine. On hydrolysis it yields these compounds. Hence its 
formula is 

CHa 


CH2<^ 


CK 

/\ 

0— C CH 


TJ n nxjx 
JnLaL' v-/ri2 

I I 

HaC CHa 

\/ 

N 


0— C C— CH=CH— CH=CH— CO 


Piperine 


ESSENTIAL OILS 

Volatile oils, characterized by agreeable odors or flavors, may 
be extracted from the leaves and bark of many trees and from 
flowers. Such extracts have been used as flavors and per- 
fumes since the dawn of history. They are known as essences 
or essential oils. 

Incense has been used in certain forms of religious worship 
for many centuries, fragrant roots, stems, or leaves being burned 
to release the volatile and aromatic constituents. In the ear- 
liest writings of the Chinese, the Greeks, and the Egyptians, 
reference is made to the use of herbs for the preparation of 
perfumes. Fragrant ointments (balms) were employed by the 
early Egyptians for the treatment of wounds and for preserving 
dead bodies (embalming). 

Many of the volatile extracts from plants consist chiefly of 
hydrocarbons having the formulas CgHs, CioHie, and C16H24, 
called hemiterpenes, terpenes, and sesquiterpenes, respectively, 
or of compounds derived from these hydrocarbons by oxida- 
tion, Even in essential oils that are composed primarily of 
hydrocarbons the characteristic odors and flavors are due to 
the presence of oxygen compounds, including phenols, alcohols, 
esters, aldehydes, and ketones) In comparatively few cases 
do we find the origin of these properties in hydrocarbons. 
Many of the flavors and perfumes on the market today are 
synthetic products." In most instances the artificial prepara- 
tion contains the identical chemical compound that imparts 
the desired scent or taste to the natural extract. In other 
cases these properties are merely imitated by substitution of 
other types of compounds having flavors or odors similar to 
those of the natural products. It must be remembered, how- 
ever, that the extract from a leaf or a flower contains a large 
number of aromatic bodies, whereas the corresponding syn- 
thetic product contains, as a rule, only the one chemical sub- 
stance that has been found to yield what we recognize as the 
characteristic odor or taste of the natural extract. On that 
account the two preparations are not identical. 
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TERPENES 

A dozen or more liquid hydrocarbons and at least two crys- 
talline compounds corresponding to the formula CioHie con- 
stitute the group known as terpenes. Most of them occur 
in nature, but a few members of the group are synthetic prod- 
ucts of the laboratory only. They fall into three general 
classes: (1) open-chain or olefinic terpenes, (2) monocyclic 
terpenes, and (3) bicyclic terpenes. The first gi'oup consists 
of unsaturated open-chain polymers of isoprene that are more 
or less readily converted into cyclic derivatives. Members of 
the second gi’oup contain one closed ring, and either in the ring, 
or in side chains, or distributed between the two, they have 
two double bonds- The bicyclic or bridged-ring terpenes have 
only one double bond. The second and third classes may be 
regarded as derivatives of methylisopropylbenzene (cymene) or 
of menthane, which is hexahydrocymene. 

Olefinic Terpenes and their Derivatives 

' Citronellal. As a representative of the group we may con- 
sider first citronellal, CioHisO. It occurs in eucalyptus oil and 
in the oils of citrus fruits. It is a colorless liquid, boiling at 
208°. Citronellal is an aldehyde, for it reacts with hydroxyl- 
amine and other reagents that attack the carbonyl group ,* and 
it yields an acid with ten carbon atoms if treated with a mild 
oxidizing agent. It is readily reduced to an alcohol. Vigor- 
ous oxidation converts it into acetone, jd-methyladipic acid, 
and other products. Studies of the reactions of citronellal have 
led to the conclusion that it is not a pure chemical compound 
but a mixture of two aldehydes corresponding to the following 


structures :* 






CHax 

>C=CH- 

CH3/ 
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* For a full discussion of the structure of citronellal see J. L. Simonsen’s " The 
Terpenes.” Cambridge University Press, 1931, 
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Citral. Closely related to citronellal is another aldehyde, 
citral or geranial, CioHieO, representing a higher state of nn- 
saturation. It has the formula 

CH3 

CH3\ I 

>C : CH . CHs • CH2 • C : CH ■ CHO. 

Citral 


Citral occurs in the oil expressed from lemon and orange peel. 
It is a mobile, colorless liquid (b.p. 228°), having a strong lemon 
odor. Lemon oil contains less than 10 per cent of citral, but 
lemon-grass oil is rich in this substance (60 to 80 per cent), and 
is the chief commercial source of the compound. It is dehy- 
drated slowly by shaking it with dilute sulfuric acid and 
potassium bisulfate. The product formed is the cyclic hydro- 
carbon, cymene: 


CHs 

1 

CHa 

1 

1 

C 

i 

/ \ 

/ \ 

H 2 C CH 

HC CH 

! 1 

H 2 C CHO - 

HC CH 

\ 


CH 

ti 

C 

11 

C 

1 

CH 

/ \ 


/x-p- r*xT 

\.iJuL3 0 x 13 

CHa CH 

Citral 

Cymene 


-f H2O. 


3 


Geraniol and Umlool. Geraniol, occurring in geranium oil, 
and linalool, found in oil of lavender, bergamot, and elsewhere, 
are related to citral, as indicated by the formulas, 

CHsv 

>C : CH • CH2 • CH2 • C : CH • CH2OH, 

CHs"^ i 

CH3 

Geraniol (b.p. 229°) 

. /nTT', 

UJrl3\ 

yc '. CH ■ CH2 • CH2 • COH ■ CH : CH2. 

CH3/ i 

CHs 

linalool (b.p. 198°) 
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Geraniol may be converted into citral by oxidation with 
chromic acid or into linalool by the action of steam at 200°. 
Geraniol and linalool, when shaken with 5 per cent sulfuric acid, 
are converted into terpin by addition of water : 
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lonone and irone. Geranial (citral) forms a condensation 
product with acetone, water being eliminated in the reaction. 
The substance formed is pseudo-ionone : 


CHs CHs 
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Ha 

Pseudo-ionone 

Warm, dilute sulfuric acid converts pseudo-ionone into ionone, 
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lonone has the odor of violets and is manufactured for use in 
perfumes. It differs from irone, the natural violet product, 
only in the position of the double bond in the ring : 

CHs CHs 

\/ 

C 

/\ 

HC CH • CH : CH . CO ■ CH3 

II I 

HC CH . CHs 

\/ 

C 

H2 Irone 

Both are colorless liquids, very slightly soluble in water but 
soluble in alcohol and in ether. 


Monocyclic Terpenes 

The monocyclic terpenes mhy be regarded as derivatives 
of the saturated hydrocarbon menthane, or hexahydrocymene. 
As a basis for a systematic nomenclature the carbon atoms of 
menthane are numbered as follows : 

CH3 

I 

CH 

/ 1 \ 

H2C6 2CH2 

I i 

H2C5 3CH2 

\4 / 

CH 

i 

CH 

/8\ 

HaC CH3 

9 10 

A derivative of this compound with one double bond is a men- 
thene, with two double bonds a menthadiene, etc. The posi- 
tion of a double bond is indicated by the symbol A with an 
index number referring to the first carbon atom involved in 
the double linkage. If, in order to avoid ambiguity, both of the 
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doubly linked carbon atoms must be specified, the number cor- 
responding to the second carbon is written within parentheses. 
Thus the name A 2 > 'H8),5 menthatriene indicates that the com- 
pound is amentlrane derivative with double bonds between car- 
bon atoms 2 and 3, 4 and 8, 5 and 6. Carbon atom 8 must be 
specified, since number 4 may be doubly bound to either 5 or 8. 

The most abundant of all essential oils is turpentine, ob- 
tained from the sap of pine trees. It is a mixture of several 
terpenes and resins. Ordinary rosin is a solid residue obtained by 
distilling turpentine. Turpentine boils between 156° and 160° 
and has a specific gravity of about 0.86. Since it is not a pure 
compound, these properties vary with the source of the oil. It 
is insoluble in water, but dissolves in alcohol, benzene, or ether. 
It is a good solvent for phosphorus, sulfur, iodine, rubber, and 
the resins used in the manufacture of paints and varnishes. The 
chief constituent of turpentine is pinene, a bicyclic compound to 
be described later. Dipentene, a mixture of d- and Wimonene, 
and some other monocyclic terpenes also are present. On ex- 
posure to air turpentine is slowly oxidized and resinified. 

Terpin, C 10 H 20 O 2 , an oxidation product of turpentine, is pre- 
pared by dissolving turpentine in alcohol and allowing the solu- 
tion to stand in contact with cold dilute nitric acid for about a 
week. Water is taken up by the turpentine, and crystals of 
terpin hydrate (m.p. 117°) are formed. Anhydrous terpin melts 
at 104.7° and boils at 258°. Its synthesis from geraniol has been 
mentioned. 

Cineol and terpmeoZ are obtained from terpin by shaldng the 
latter with hot dilute sulfuric acid : 


CH. 
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C— OH 
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Cineol is a liquid (b.p. 177°) with a camphor-like odor; ter- 
pineol is a solid (m.p. 35°, b.p. 219.8°) which crystallizes readily 
when the mixture is cooled. The reaction indicated above is 
reversible. Terpin is dehydrated by hot dilute sulfuric acid 
and regenerated slowly from cineol and terpineol in the same 
solution at low temperatures. 

The question as to which of the hydroxyl groups in terpin 
is rernoved in the formation of terpineol was settled when it 
was found that the terpineol formed is a racemic mixture of 
optically active forms. Carbon atom 4 is asymmetric in the 
formula given, but asymmetry could not be produced by re- 
moving the hydroxyl gi'oup from carbon atom number 8 with 
hydrogen from any adjacent carbon atom. 


The constitution of terpineol has been established also by direct synthe- 
sis. For example, j3-iodopropionic ester reacts with sodium and malonic 
ester as follows : 

COOR 

I ■ 

2 ROOC— CHa— CHal + CH 2 + 2 Na 

t 

COOR 

ROOC— CHa—CHs COOR 

— -l-2Nar. 
ROOC— CHs—CHs'^ ^COOR 

This ester is hydrolyzed by boiling with dilute hydrochloric acid, and when 
warmed, the free acid loses carbon dioxide: 


COOH-CHa-CHa. .COOH COOH • CHa • CHa. 
COOH-CHa-CH/ ^COObT^ COOH • CIL • CR/ 


CH-COOH-l-CO 


2 . 


When distilled this product yields water and one more molecule of carbon 
dioxide and is converted into a closed-ring compound,— keto-hexahydro- 
benzoie acid; 


/CHo— CH2V 

CO< > 

^CHa— CHo/ 


CH • COOH. 


Methyl magnesium iodide reacts with an ester of this acid, the ketone 
group of the ring being first attacked. The addition product, 


CHsv ^CHa— CHa. 
IMgO/ ^CHa— CH; 


\c/ >CH • COOR, 

./ r!TT„/ 
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is hydrolyzed, and the resulting methyl-hydroxy-hexahydrobenzoie ester 
is subjected to the action of fuming hydrobromic acid. The hydroxyl 
group is thus replaced by bromine, the product being 


CHsv ./CH2— CH.. 

>C<: >CH • COOH. 

Br/ ^CHo— CH2/ 


Dilute sodium or potassium hydroxide or even pyridine removes hydrogen 
bromide from this compound, establishing a double bond in the ling : 

CH‘> 

CH3~c/ ' "Nch-cooh. 

^CH— CH/ 


This is esterificd once more, treated with an excess of the Grignard reagent 
(CHsMgl), and hydrolyzed. The resulting product is terpineol, 


CH3— C 


CHo— CHo 

y \ 

\ / 

CH —CH,. 


CHa 
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CH—CC-OH 

^Clh 


Terpineol 


Dipentene. Terpineol yields one molecule of water and is 
converted into dipentene when heated with potassium hydro- 
gen sulfate. There are two possible mechanisms for this 
dehydration : 
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Dipentene is a racemic mixture of optically active hydrocar- 
bons known separately as d- and Mimonene, and therefore 
corresponds to formula I, in which carbon atom 4 is asymmetric. 
There is no asymmetric carbon atom in I L Formula II is as- 
signed to another compound, terpinolene, ah optically inactive 
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hydrocarbon incapable of resolution into active forms and 
obtained from terpineol when the latter is dehydrated by 
means of a mixture of alcohol and sulfuric acid. Dipentene is 
a constituent of pine-needle oil, citronella oil, and oil of cubebs. 
The optically active forms (limonenes) are widely distributed 
in nature, d-limonene being present in lemons, oranges, cara- 
way, dill, and bergamot, and Z-limonene occurring in spearmint 
and peppermint. The limonenes are characterized by the for- 
mation of crystalline addition products with nitrosyl chloride. 
The reaction is earned out by adding to the terpene a solution 
of amyl nitrite and hydrogen chloride in glacial acetic acid. 
A new asymmetric carbon atom appears as a result of the addi- 
tion, so that four isomeric derivatives corresponding to the 
formula CioHioNOCl are formed. 

Pulegone and menthol, found in oil of peppermint, are im- 
portant oxidation products of menthane : 
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Sodium amalgam acts upon an alcoholic solution of pulegone, 
converting it into menthol. Menthol crystallizes from pepper- 
mint oil in slender, colorless needles. It is quite volatile, melts 
at 43°, and is used therapeutically for some disorders of the 
nose and throat. The structure assigned to menthol is based 
upon its conversion into menthane by reduction and into a 
ketone, menthone, by oxidation. The first process indicates 
its relationship to cymene, and the second shows that it is a 
secondary alcohol. The position of the hydroxyl group is 
determined by forming a dibromo derivative of menthone and 
subsequently eliminating two molecules of hydrobromic acid 
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by means of quinoline. Enolization of the compound is ac- 
complished at the same time. The resulting unsaturated com- 
pound is thymol. 
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When thymol is heated with phosphoric acid, it yields propy- 
lene and w-cresol. The hydroxyl in thymiol is thus proved to 
be meta to the methyl group, and hence the carbonyl gi’oup in 
menthone and the secondary alcohol group in menthol must be 
meta to the methyl radical. Menthone is an intermediate oxida- 
tion product between menthol and pulegone. The position of 
the carbonyl group in the latter is thus established. 

Carvone and earvacrol. The same process of reasoning is used 
in assigning a definite structure to carvone, a ketone found in 
oil of caraway, and to earvacrol, obtained from carvone by 
heating with an alkali : 
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The latter yields propylene and o-cresol when warmed with 
phosphoric acid. This result indicates that the carbonyl group 
in carvone and the hydroxyl group in carvaerol must be in the 
ortho position with respect to the methyl group. 


Dicyclic Terpenes 


The principal dicyclic, or bridged-ring, terpenes are deriva- 
tives of pinene and camphene. Turpentine contains repre- 
sentatives of this series, isomeric with limonene, but capable 
of forming addition products with only two atoms of bromine 
or one molecule of hydrobromic acid. That is to say, each 
molecule in this group has only one double bond, although it 
has four hydrogen atoms less than the saturated hydrocarbon 
menthane. They are capable of conversion into terpin, ter- 
pineol, or limonene, and therefore, to account] for their degree 
of unsaturation, they must have two closed chains, that is, two 
rings. There are three wajm of forming a second ring or a 
''bridged ring'' in the menthane molecule, with loss of two 
hydrogen atoms. Representatives of the three tjnpes of com- 
pounds are shown in the following structures : 
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Pinene, the principal component of turpentine, differs from 
pinane by two hydrogen atoms. The position of the double 
bond is determined by the fact that pinene takes up a molecule 


r 

% 
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of water in the presence of acetic acid and benzenesulfonic 
acid, breaking the bridge and yielding terpineol : 
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The conversion of pinene into dipentene, which can be accom- 
plished through the agency of an alcoholic solution of sulfuric 
acid, no doubt involves the formation of terpineol as an inter- 
mediate product. Removal of water from terpineol yields either 
teri:)inolene or dipentene, depending upon the conditions, and 
in either case the product is isomeric with pinene : 


Terpinolene 


Dipentene 


Pinene forms an addition product with hydrogen chloride, the 
double bond being broken. The compound resembles camphor 
and is sold as artificial camphor. 

Camphor. The chief component of the essential oil obtained, 
by steam distillation, from the leaves of the camphor tree is a 
white, crystalline solid called camphor, CioHieO. It sublimes 
at low temperatures, melts at 179®, and boils at 209.1®. It is 
almost insoluble in water but dissolves in organic solvents. 

Camphor is a ketone, for it reacts with hydroxylamine, form- 
ing an oxime. It contains the group —CHs!— CO— , for it yields 
an isonitroso derivative with nitrous acid. Hydrolysis of the 
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isonitroso compound results in the formation of camphor 
quinone, which is easily oxidized to camphoric acid : 

CO 

C8Hi4<^ 

CNOH 

laonitrosocamphor 

Camphoric acid is oxidized by a dilute solution of per- 
manganate ion, the principal products being oxalic acid and 
a;/3/3“trimethyi"7-oxyglutaric acid. On the basis of this reaction 
the following structure has been assigned to camphoric acid : 
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The structure has been confirmed by a synthetic preparation of 
the acid.* 

Nitric acid converts camphor into camphoronic acid, CoHmOb. 
The structure of camphoronic acid is known to be 

CH3 


CH2- 


-C(CH3)2 


COOH COOH COOH 


for it has been synthesized as follows : condensation of iso- 
butyric ester and acetoacetic ester jields 


CH2- 


CHa 


■C C(CH3)2 


COOR OH COOR 


The hydroxyl group is replaced by chlorine through the agency 
of PCI3. The chlorine is then replaced by CN through the 

* G. Komppa, Ber., 36, 4332 (1903). G.^Komppa and 0. Routala, Ser., 44, 858 
(1911). . , , 
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action of ECN, and the cyanide is then converted into the 
corresponding acid by hydrolysis. 

On the basis of this evidence and in harmony with all its 
properties, Bredt has assigned to camphor the following formula ; 
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The primary oxidation products are 
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Camphor may be made from turpentine for about the same price that is 
now paid for the natural product. The most successful method consists of 
six steps, as follows: (1) Preparation of fairly pure pinene (b.p. 154'’) from 
crude turpentine by fractional distillation. (2) Conversion of pinene into 
pinene hydrochloride by saturating it with dry hydrogen chloride gas at 10" 
to 15°. The crystalline addition product is obtained by cooling the mixture 
to -'15°, filtering, and recrystallizing from alcohol. It is a soft, snow-white 
mass of very fine crystals (m.p. 128°) having an odor like that of camphor. 
(3) Preparation of eamphene from pinene hydrochloride by digestion with 
potassium phenolate and subsequent fractional distillation. Camphene dis- 
tills; at 150° to 160°, and therefore is readily separated from the major por- 
tion of the phenol (b.p. 182°). Some phenol distills over with the camphene 
and is washed out by shaking with a. solution of sodium hydroxide. The 
camphene is melted, dried with calcium chloride, and redistilled (m.p. 52°, 
b.p. 160°). (4) Preparation of isobornylacetate from camphene. This is 
done by warming camphene with glacial acetic acid and a little .sulfuric 
acid. The product is washed, neutralized with sodium carbonate, and finally 
distilled in vacuo. It is a liquid, boiling at 102° at 12 mm. (5) Hydrolysis 
of isobornylacetate. The ester is heated on a steam bath with an alcoholic so- 
lution of potassium hydroxide. Isoborneol separates as a colorless or slightly 
yellow crystalline solid (m.p. 212°). (6) Conversion of isoborneol to cam- 
phor. This is done by oxidizing isoborneol with fuming nitric acid at 20°--25°. 
The reaction mixture is poured upon cracked ice, and camphor separates as 
a soft, white, crystalline mass. Itis purified by steam distillation (m.p. 179°). 


GENERAL ORGANIC REACTIONS 

HYDROLYSIS 

An ordinary double decomposition in which water is one 
of the reagents is called hydrolysis. Some compounds are 
hydrolyzed by water alone and at low temperatures ; others 
require the aid of a catalyst, or a high temperature, or both. 

The structures most susceptible to hydrolysis are 

=c— O—C^, =C— 0— N=, =C=N— =C~-N=, --C=N, 
=C— S — , and ^C—X (X = halogen). 

An ether such as CH3 • CH2 • 0 • CH2 - CH3 is not readily 
hydrolyzed. In the presence of hydrogen ions at high tem- 
peratures it reacts with water, slowly forming alcohols. If, 
however, negative elements or groups be substituted for hydro- 
gen on carbon atoms near the point where cleavage of the 
molecule occurs, the hydrolysis proceeds readily. The ester 
CHg ' CO • 0 • GH2 • CHs may be partially hydrolyzed by water 
at ordinary temperatures without a catalyst. An accumulation 
of negative groups enhances the tendency to hydrolyze. Thus 
acetic anhydride, CH3 * CO • G • CO - GHs, takes up water 
more rapidly than does ethyl acetate. 

The same principle applies to aromatic compounds. Chloro- 
benzene is not affected by boiling water. Trinitrochlorobenzene 
is hydrolyzed to picric acid with great ease. In general, the 
factors influencing the rate of hydrolysis are (1) the structure 
of the molecule to be hydrolyzed, (2) the catalyst, (3) the tem- 
perature, (4) the solvent, and (5) the concentration of the solu- 
tion with respect to the substance hydrolyzed. Some of these 
factors will be considered in connection with typical hydrolytic 
processes. 

Hydrolysis of sugar. Cane sugar presents the first structure 
listed above, namely, =C-~0-—G=. It is hydrolyzed to dex- 
trose and Isevulose under the catalytic influence of hydrogen 
ions or by the enzyme invertase. The rate of conversion may 

■ 365 '^-: 
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be followed with the aid of a polariscope, the cleavage being 
accomplished by a change in optical rotation. 

If a represents the concentration of sugar in the original 
solution ; 6, its initial rotation ; c, its rotation at the end of any 
interval of time C and if d is its final rotation (after the hy- 
drolysis is complete), then the quantity x hydrolyzed may be 
calculated from measurements made at any time : 


The hydrolysis of sugar follows the unimolecular law. The 
concentration of the water may be regarded as constant. This 
follows from the fact that the quantity of water used is always 
large as compared with the amount demanded by the equation 
representing the hydrolysis. The rate equation is 

^ — — and fe^flog— — 

dt ^ ' t ^ a — X 

A solution of cane sugar having an optical rotation of 46.75 
was hydrolyzed by dilute hydrochloric acid at the rate indi- 
cated below. 
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To find the per cent of the sugar that was hydrolyzed at the 
end of fifteen minutes we have 


46.75 
46.75 - 


43.75 
- 18.70) 


per cent. 


The rate of hydrolysis of cane sugar varies with the hydrogen 
ion concentration of the solution. A half-normal solution of 
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nitric acid accomplishes the change six times as fast as does 
tenth-normal nitric acid. 

A salt of a weak acid usually retards the rate of hydrolysis — 
a fact that can be accounted for on the basis of its tendency to 
reduce the hydrogen ion concentration — but it is not obvious 
that salts like sodium chloride and potassium bromide, when used 
in connection with hydrochloric or hydrobromic acid, should ac- 
celerate the change. However, this effect has been observed. 

A rise of temperature causes a marked increase in the rate 
of the reaction. In the presence of 0.25 N HBr cane sugar is 
hydrolyzed fifty times as fast at 55° as at 25°. Any change in 
the composition of the solvent affects the rate of chemical action. 
The addition of alcohol to an acidified aqueous solution of 
sugar results in a lowering of the rate of hydrolysis. The mag- 
nitude of the change in rate is many times greater than would 
be predicted on the basis of diminished ionization of the acid. 
Other reactions show similar effects. Ammonium cyanate is 
converted into urea thirty times as fast in alcohol as in water. 
The relative rates of formation of tetraethylammonium iodide 
from ethyl iodide and triethylamine in various solvents are 
approximately as follows : hexane, 1 ; ether, 4 ; xylene, 10 ; ethyl 
acetate, 100 ; allyl alcohol, 200 ; acetone, 300 ; benzyl alcohol, 
700. The fact that the reaction proceeds seven hundred times 
as fast in benzyl alcohol as in hexane cannot be attributed to 
more frequent collisions of the reacting molecules. It must be 
due to some specific effect of the solvent that results in an acti- 
vation of the reagents. 

Enzjmes usually act selectively. Yeast, for example, con- 
tains or produces an enzyme which hydrolyzes cane sugar but 
fails to act upon milk sugar. The specificity of enzyme action 
is even more strikingly exhibited in connection with the hy- 
drolysis of polypeptides. Racemic polypeptides are hydrolyzed 
asymmetrically by enzymes. One isomer usually remains un- 
attacked. 

Hydrolysis of an ester. The reaction between water and ethyl 
acetate may be taken as a typical example of the hydrolysis 
of an ester: 

CHs - CO • 0 • C2H5 + H2O CHs • COOH -f C2H5OH. 

The reaction is catalyzed by either hydrogen or hydroxide 
ions. Ordinarily water is used in large excess. Its concentration, 
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therefore, remains unchanged, and the velocity constant of the 
reaction corresponds to that of a unimolecular reaction. 

When the reaction is carried out in alkaline solution, the base 
as well as the ester disappears : 

CHs • CO • 0 • CaHr. + NaOH — > CH 3 • COONa + C 2 H 5 OH. 

In this case the reaction follows the bimolecular law. The veloc- 
ity of the reaction is proportional to the product of the concen- 
trations of the ester and of the base. If a and 6 represent the 
initial molal concentrations of ester and base, respectively, and 
X is the number of moles of esters and of base consumed in the 
time t, the rate is indicated by the equation 


~ = k(a-x)(b-3;). 


In an integrated form, 

I; = 7 y - 

t a — 0 



b(a ‘- x) 
a{h — x) 


The rate of change may be followed by titrating measured 
samples of the mixture from time to time. The hydroxide 
ion concentration diminishes as the reaction proceeds. The 
value of k, in the equation given above> is constant when strong 
bases are employed. It is not constant when ammonium hy- 
droxide is used. The ammonium salt formed is highly ionized 
and the accumulation of ammonium ions reduces the hydroxide 
ion concentration. 

An ester of high molecular weight is hydrolyzed more slowly 
than one of lower weight, whether the difference in mass is due 
to the alcohol or to the acid in the ester. The methyl esters 
of acetic, propionic, butyric, and valeric acids are saponified 
under identical conditions at rates corresponding approximately 
to the numbers 50, 35, 12, and 10. Methyl, ethyl, propyl, and 
butyl acetates show nearly the same variations in rates. 

Structural and stereochemical effects on saponification 
rates have been discussed, but a single illustration may be 
given here. In the dibasic acid 


COOH (1) 
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I JCOOH (2) 
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carboxyl group (1) is much more easily esterified than is car- 
boxyl (2). Only one ortho substituent interferes with reactions 
of the former, whereas the latter, being protected by two ortho 
side chains, is esterified so slowly by the usual procedure 
(namely, treatment with an alcohol and hydrogen chloride gas) 
that this method is not used in actual practice. The second 
carboxyl group may be esterified, however, by the action of an 
alkyl iodide on the silver salt of the monoester: 



COOAg 


+ RI 


COOR 

Ar 

I JCOOR 
R 


( 1 ) 

( 2 ) 


Now, group (1) is much more readily hydrolyzed than is 
group (2). Hence by this indirect method either one or both 
of the carboxyl groups may be esterified. 

Other hydrolyses. A cyanide or nitrile takes up one molecule of water, 
forming an amide, or two molecules of water, forming an acid. The first 
reaction is reversible, an amide, RCONH2j being converted into the cyanide, 
RCN, and water by distillation with phosphorus pentoxide. A hot concen- 
trated solution of hydrochloric acid is often used to convert the cyanide 
radical into a carboxyl group. 

Amides are readily saponified by boiling with alkalies: 


+NaOH- 

\ntTo 




R>cf + NHs. 


Sugars and starches are hydrolyzed, in the presence of acids, to monoses, 
and proteins are converted into peptones, amino acids, and other products, 
by acids or alkalies, or by enzymes. 

Boiling with hydrochloric acid converts many oximes and hydrazones 
into the aldehydes or ketones from which they were derived. 



OXIDATION 



The oxidation processes most frequently used are designed 
to accomplish the following transformations: (1) an aliphatic 
side chain to carboxyl ; (2) primary alcohol to aldehyde or 
acid ; (3) secondary alcohol to ketone ; (4) phenol to quinone ; 
(5) methylene group to — CHOH — or to — CO—; (6) oxime 
to peroxide ; (7) hydroxylamine derivative to azoxy compound ; 
(8) hydrazine derivative to azo body. 

The principal oxidizing reagents used in organic chemistry 
are chromic acid, alkaline and acid solutions of permanganates, 
nitric acid, hydrogen peroxide, lead dioxide, silver oxide, mer- 
curic oxide, nitrobenzene, bromine, hypobromites, ferric salts, 
amyl nitrite, and atmospheric oxygen. Many other reagents 
are used in special cases. 

Side chains. An aliphatic side chain on a cyclic nucleus may 
be oxidized to carboxyl by such reagents as nitric and chromic 
acids. As a rule the chain is oxidized in such a way as to leave 
the newly formed carboxyl group attached to the ring. For 
an exception to this rule see page 198. Thus toluene, ethyl- 
benzene, and propylbenzene all yield benzoic acid on oxida- 
tion. This means that the carbon atom attached directly to 
the ring represents the place that is most susceptible to oxida- 
tion. It is a reasonable assumption that oxidation begins there, 
forming a carboxyl group at once and eliminating the remainder 
of the chain, which subsequently yields carbon dioxide and 
water or acids of low molecular weight. 

It is sometimes possible to obtain an aromatic alcohol or an 
aldehyde from a hydrocarbon by the oxidation of a side chain. 
Among the reactions of this kind we have the preparation of 
p-nitrobenzyl alcohol from p-nitrotoluene : 

CHs 

Q) +Pb02 + H2S04 

NOo 


CH 2 OH 

^ fj -f PbS04 + HoO. 
NO2 
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The commercial production of benzaldehyde from toluene is 
another example (see page 244) : 

CHs GHO 


+ 2 Mn 024 - 4 H+ 


+ 2 Mn++ ~\- 3 H 2 O. 


The temperature and time required for the maximum yield 
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mentally in every new reaction. For details concerning known 
reactions, we turn to the journals and handbooks. One finds, 
for example, that o-xylene and ^)-xylene are converted into the 
corresponding toluic acids by dilute nitric acid (1 vol. HNO3, 
sp. gr. 1.4, to 3 vols. H 2 O), whereas m-xylene requires a con- 
centration of nitric acid twice as great to yield m-toluic acid. 
Chromic acid converts m-xylene and p-xylene into the corre- 
sponding phthalic acids, both methyl groups being converted 
into carboxyl groups, but o-xylene is decomposed by similar 
treatment. The latter, however, is readily oxidized to o-phthalic 
acid by a hot alkaline solution of potassium permanganate. 

The same general rules apply to side chains on heterocyclic 
rings. The methylpyridines are converted into picolinic, 
nicotinic, and isonicotinic acids by hot solutions of potassium 
permanganate. Alkyl derivatives of quinoline are usually oxi- 
dized by heating them on a water bath with dilute sulfuric 
acid and potassium dichromate. Methyl quinoline is thus 
converted into quinoline earboxylic acid. 

Alcohols. Oxidation of a primary aliphatic alcohol results in 
the formation of an acid, unless the intermediate aldehyde 
escapes on account of its volatility or is removed by a reaction 
that is more rapid than the oxidation process. Some aromatic 
alcohols are more readily oxidized than the corresponding 
aldehydes, and the aldehydes in such cases may be obtained as 
final products. Dilute nitric acid converts benzyl alcohol into 
benzaldehyde. On the other hand, benzaldehyde is oxidized to 
benzoic acid by atmospheric oxygen and benzyl alcohol remains 
unchanged in the air. Aniline condenses rapidly with some 
aldehydes and may be used in such cases to prevent oxidation 
beyond the aldehyde stage. Esters are found among the oxida- 
tion products of alcohols, owing to the formation of acid mole- 
cules and their immediate combination with unchanged alcohol. 
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Ethyl alcohol yields acetaldehyde by the following procedure : 

A mixture containing 25 g. of sodium dichromate, 25 g. of alcohol, and 
40 g. of water is added in small portions to an equal volume of 50 per cent 
sulfuric acid. The mixture is boiled fifteen or twenty minutes under a reflux 
condenser, then distilled. A long, well-cooled condenser is used, and the 
receiver is packed in ice. Acetaldehyde boils at 20.8°. An aqueous solution 
of the aldehyde is obtained. It is purified by extraction with ether and 
conversion into the crystalline aldehyde ammonia, from which the pure 
aldehyde is obtained by distillation with dilute sulfuric acid. 

Methyl alcohol is oxidized to formaldehyde by atmospheric 
oxygen when mixed with air and passed over hot platimmi, 
copper, or nickel. Ethyl alcohol and other members of the 
same series having fewer than ten carbon atoms are oxidized 
to aldehydes and acids, without loss of carbon, by air in contact 
with finely divided metals at temperatures ranging from 150° 
to 650°. Alcohols of higher molecular weight yield carbon 
dioxide, acids of low molecular weight, and water. 

Aromatic alcohols are oxidized by the same methods. In 
some cases aromatic halogen compounds (halogen in side 
chain) may be oxidized to aldehydes by lead nitrate solution. 
Benzyl chloride, C 6 H 5 CH 2 CI, when boiled with a solution of 
copper nitrate or lead nitrate, yields benzaldehyde. The 
process involves replacement of the halogen by hydroxyl and 
subsequent oxidation of the primary alcohol. Aromatic al- 
cohols, dissolved in chloroform, are oxidized to aldehydes by 
nitrogen tetroxide. The reaction is slow, requiring several days, 
but it is almost quantitative.* 

Chlorine water, chromic acid, ferricyanides, and nitric acid 
are reagents commonly employed to convert secondary al- 
cohols into ketones : 

3 R 2 CHOH + 2 HNO 3 — 3 R 2 CO -{- 2 NO 4- 4 H 2 O. 

R 2 CHOH + CI 2 (aq.) — > R 2 GO + 2 H+ + 2 Cl“. 
R 2 CHOH + 2 Fe(CN)6— 4 2 OH- 

R 2 GO 4 2 Fe(CN)6~“-— 4 2 H 2 O. 

Polyhydric secondary alcohols containing no primary alcohol 
groups are oxidized to ketone alcohols by solutions of hydrogen 
peroxide and ferrous sulfate; hj’-droxy acids may usually'be 
changed to ketone acids by permanganate ions, and diketones 

* Cohen and Calvert, J. Chem. Soc., 71, 1050 (1897). 
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are derived from ketone alcohols through the action of nitric 
acid or an alkaline solution of copper salts. The details of 
one method may be given : 

Dry powdered benzoin is heated on a water bath with twice its weight 
of pure concentrated nitric acid for two hours. The mixture is then poured 
into cold water. Benzil separates as a crystalline solid mass. It is washed 
with water until free from acid, then recrystallized from hot alcohol ; 

HNOs 

CeHs • CO • CHOH • C0H5 ^ CoHs ■ CO • CO • C0H5. 

Benzoin Benzil 

Tertiary alcohols are not easily oxidized. They can usually 
be recovered unchanged after treatment with an acetic acid 
solution of potassium dichromate under temperature condi- 
tions that insure the oxidation of primary and secondary 
alcohols. When a tertiary alcohol does respond to oxidation, 
it is converted into compounds of fewer carbon atoms. 

The conversion of an enol into a ketone, with loss of hydrogen 
and a concomitant change in the structure of the molecule, is, 
in some cases, accomplished with great ease (see indigo white, 
p. 287). 

Amines. A warm solution of an alkyl amine in which fine 
copper powder is suspended absorbs oxygen and acquires a 
deep blue color. The blue solution, when acidified and distilled, 
yields an aldehyde : 

CH3CH2NH2 + O2 + Cu CH3CHO -H NHs + CuO. 

Aniline sulfate in dilute sulfuric acid is oxidized by dichromate 
ions at 0° to 10°. The reaction requires about twenty-four 
hours for completion. From the mixture quinone may be ex- 
tracted with ether (yellow crystals, m.p. 115.7°). Intermediate 
products are formed, one of the first being phenylhydroxyl- 
amine. Para-aminophenol is derived from the latter by intra- 
molecular rearrangement, and finally quinone is formed through 
oxidation of the aminophenol. 

Primary aliphatic amines are converted into alcohols by 
nitrous acid. Phenols are derived from primary aromatic amines 
in the same way. 

RCH2NH2 + HNO2 — RCH2OH -f N2 + H2O. 

Aldehydes. The aldehyde group is especially susceptible to 
oxidation, Fehling’s solution or silver oxide in ammonium 
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hydroxide being more serviceable than the stronger oxidizing 
reagents. Fehling’s solution (alkaline copper tartrate) fails, 
however, to oxidize aromatic aldehydes. A method applicable 
to some of the aromatic aldehydes is treatment with a saturated 
solution of potassium hydroxide. Half of the aldehyde mole- 
cules are oxidized and half reduced : 

2 CeHsCHO + KOH CeHsCOOK + CsHsCHsOH. 

The activity of an oxidizing agent cannot be determined by 
studying a single reaction. Silver oxide, for example, rapidly 
oxidizes the aldehyde group, — CHO, but fails, in most cases, 
to break the ethylene linkage, — -C=C — . On the other hand, 
potassium permanganate acts faster on the ethylene than on 
the aldehyde gi'oup. 

Ketones. Chromic acid breaks the ketone molecule with the 
production of acids. From two to four acids are formed, 
the number depending upon the structure of the ketone. The 
cleavage may occur on either side of the carbonyl group. 
Ethylisobutyi ketone, CH3 • CH2 • CO • CHo • CH(CH3)2, may 
form acetic and isovaleric acids, or it may split on the opposite 
side of the carbonyl group and form propionic and isobutyric 
acids. Usually the cleavage which leaves the ketone carbonyl 
attached to the shorter chain predominates. However, the 
principal oxidation products derived from acetonylacetic acid, 
CH3 • CO • CHo • CH2 • COOH, are succinic acid and carbon 
dioxide. Ethsdisopropyl ketone, CH3 • CH2 • CO • CH(CH3)2, 
is oxidized to propionic acid and acetone ; small quantities of 
acetic and isobutyric acids are formed also. The acetone 
formed in the primary reaction is further oxidized and appears 
ultimately in the form of acetic and carbonic acids. 

Saturated as well as unsaturated methyl ketones are oxi- 
dized by sodium hypochlorite, the methyl group being removed 
as chloroform. Thus benzalacetone yields cinnamic acid : 

CcHs • CH : CH . CO . CH3 + 3 NaOCl 

— > C0H5 • CH : CH • COONa + CHCI3 + 2 NaOH. 

In the same way e-ketoheptylic acid forms adipic acid : 

CH3 • CO • CH2 • CH2 • CHs • CH2 ■ COOH + 3 NaOCl 
— > COONa • CH2 • CHs • GHg • CHs > COONa -h CHCI3 

d-NaOH+HsO. 


OXIDATION 


375 


Hydrocarbons. A saturated aliphatic hydrocarbon, as a rule, 
cannot be converted into an alcohol by direct oxidation, for 
any reagent that oxidizes a hydrocarbon acts even more readily 
on an alcohol. The usual result of such a reaction is the pro- 
duction of water and carbon dioxide. However, hydrogen held 
by a tertiary carbon atom is quite easily oxidized to hydroxyl. 
From triphenylmethane a 90 per cent yield of triphenyl car- 
binol is obtained by treatment with chromic and acetic acids 
at the temperature of a water bath. Lead dioxide and sulfuric 
or hydrochloric acid serve to convert the leuco-base of mala- 
chite green into the color-base : 


CeH. 


/C 6 H 4 • N(CH3)2 
-G^H 

\C 6 H 4 • N(CH3)2 


r H 


/C6H4-N(CH3)2 

C/LOH 

'\G 6 H 4 ■ N(CH3)2 


In many other types of compounds tertiary carbon displays 
the same susceptibility to oxidation. Thus an alkaline solution 
of potassium permanganate acts upon isobutyric acid, produc- 
ing hydroxyisobutyric acid : 

(CH3)2CH ■ COOH — (CH3)2C0H • COOH. 

In a few cases hydroxyl groups are introduced into aromatic 
compounds by fusion with sodium or potassium hydroxide. 
The hydroxyl group does not abvays take the position of the 
replaced group, and the number of hydroxyl groups introduced 
when an aromatic compound is fused with sodium hydroxide 
does not always correspond to the number of negative substitu- 
ents originally in the ring. 

Most aromatic hydrocarbons resist the action of the ordi- 
nary oxidizing agents. A reagent that acts energetically enough 
to attack the ring converts it into carbon dioxide and water or 
other products of low molecular weight. A few of them, how- 
ever, including anthracene, phenanthrene, and naphthalene, are 
quite easily converted into the corresponding quinones. Naph- 
thalene is oxidized to phthalic acid by heating it with sulfuric 
acid in the presence of mercury. Anthracene forms a quinone 
instead of a nitro compound when warmed with nitric acid. 
On a commercial scale, anthraquinone is made by an electro- 
lytic oxidation of anthracene.* 

* A lead anode is used in an aqueous solution of sulfuric acid (20 per cent) and 
vanadic acid (2 per cent) ; optimum current density, 300 amperes per square meter ; 
temperature, 80*^. 
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Benzene has been oxidized to quinone by silver nitrate, 
potassium persulfate, and nitric acid. Silver nitrate reacts with 
potassium persulfate in nitric acid, forming silver persulfate, 
Ag2S208, which, with water, yields silver peroxide, Ag202, and 
sulfuric acid. As rapidly as the peroxide is used in the process 
the remaining silver or silver oxide is reconverted by the acid 
into the nitrate and by the potassium salt into persulfate. 
The silver is used repeatedly, and a small quantity suffices to 
decompose a large amount of the potassium persulfate. 

An unsaturated hydrocarbon is converted into a hydroxy 
derivative by shaking it with a 1 per cent solution of potas- 
sium permanganate. Ethylene yields ethylene glycol, 

CHoOH^CHaOH. 

Cleavage in the position of a double bond with the formation 
of a ketone group is rather unusual, but an example is afforded 
in the action of nitric acid on indigo : 



Indigo 



/CO. 

2 Cr,H 4 < >CO 


Isatin 


Phenols. Ortho- and paru-dibydric phenols are readily oxi- 
dized to quinones. Thus hydroquinone is converted into quinone 
by a solution of a ferric salt or by an alkaline solution of copper 
sulfate: 

C6H4(0H)2 + 2 Fe+ + + — >• C6H4O2 + 2 Fe+ + + 2 H+, 
C6H4(0H)2 + 2 Cu++ + 2 OH“ C6H4O2 + 2 Cu+ -f 2 H2O. 

Quinones and other types of oxides are formed bj?- the catalytic 
decomposition of the silver salts of some halogenated phenols. 
Ethyl iodide and iodine serve as catalysts in these reactions, 
bringing about the removal of silver and an or^Ao- or para- 
halogen in the form of silver halide. 

Unsaturated acids. The addition of hydroxyl groups to un- 
saturated compounds is accomplished by the action of a very 
dilute alkaline solution of potassium permanganate at low 
temperatures. If there is only one double bond in the molecule, 
the hydroxyl groups are taken up by the two carbon atoms so 
bound; but if there are two or more positions of unsaturation 
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in the molecule, and especially in conjugate systems, hydroxyl 
groups may enter in 1-4 positions, or the molecule may cleave 
in the position of one double bond and add hydroxyl groups to 
the other. Thus when crotonic acid, CH3 • CH : CH • COOH, 
is dissolved in dilute sodium hydroxide or sodium carbonate 
solution, cooled to 0°, and mixed with an equivalent quan- 
tity of 2 per cent potassium permanganate solution, a salt of 
dihydroxybutyric acid is formed. In the same way allyl- 
acetic acid, CH2 : CH • CH2 • CH2 • COOH, is converted into 
7-d-hydroxyvaleric acid, 

CH2OH • CHOH . CH2 • CH2 • COOH, 

and cinnamic acid yields phenylglyceric acid : 

CeHs • CH : CH ■ COOH -— >• CeHs • CHOH • CHOH • COOH. 

On the other hand, cinnamenylacrylic acid, 

CeHs • CH : CH • CH : CH • COOH, 

yields benzaldehyde, CeHsGHO, and tartaric acid, 

COOH -CHOH. CHOH- COOH. ^ ^ ^ ^ ^ 

Piperic acid, in the same way, yields piperonal and tartaric 
acid.' ' 

Hydroxylamine derivatives. Ferric chloride, mercuric oxide, 
and potassium ferricyanide are suitable reagents for the oxida- 
tion of aryl hydroxylamines. Very dilute solutions of per- 
manganates or dichromates serve as well. 

CoHoNHOH -h 2 Fe(CN)6— + 2 OH" 

— > CeHsNO + 2 Fe(CN)Q~— + 2 H2O. 

3 CsHsNHOH + CrsOy— + 8 H+ 

— > 3 CeHsNO + 2 Cr+ + + -f 7 H2O. 

The following method is satisfactory for making nitroso- 
benzene: 

Dissolve 2 g. of phenylhydroxylamine in 100 ce. of 6 per cent H 2 SO 4 , 
previously cooled to 0°. Add slowly, with stirring, 150 cc. of an ice-cold 
2 per cent solution of sodium dichromate. . Allow the mixture to stand at 0“ 
for an hour, then extract the nitroso compound with ether. 
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Oximes. An ether solution of benzaldoxime, when saturated 
with nitrogen trioxide, yields a crystalline precipitate of 
benzakloxime peroxide. In contact with the ether solution of 
the oxides of nitrogen, it is further oxidized to beiizildioxime 
peroxide 


CfiHs • CH : NOH 
CoHs • CH : NOH 

Benzaldoxime 


CoHs-CHrNO CeH., -C :NO 

CoHs • CH : NO CoHs • C : NO 

Bonzaldoxirae peroxide Benzildioxime peroxide 


Oximes and isonitroso compounds are converted into aide- 
hjdes or ketones by amyl nitrite or by any other source of 
nitrous acid : 



C^NOH + CsHiiONO 


Rx 

Xc^O + CsHiiOH + NoO. 

R/ 


Compounds having a methylene group adjacent to a carbonyl 
group are converted into isonitroso compounds by nitrous acid, 
and the isonitroso compounds are changed by an excess of the 
reagent to aldehydes or ketones. The two reactions, therefore, 
constitute an oxidation process. Diacetyl is made from methyl- 
ethyl ketone by treatment of the latter with nitrous acid : 

CH3— CHo-CO-CHa + HNO2 

CH3-C-C0~-CH3 + H20. (1) 

II 

NOH 

CH3-C-CO-CH3 + HNO2 
NOH 

— > CHs-CO-CO-CHs + H2O + N2O. (2) 

yi* Beckmann, Ber., 22 , 1591 (1889). 
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The reducing agents most frequently employed are hydrogen 
iodide, sodium amalgam, potassium alcoholate, hydrogen, 
hydrazine, sulfur dioxide, ammonium sulfide, ferrous sulfate, 
titanium trichloride, and stannous chloride. In connection with 
acids or alkalies, iron, zinc, tin, nickel, and other metals are 
frequently used. Metals are used also as catalysts in reductions 
with free hydrogen.* 

Unsaturated carbon chains. Unsaturated oils are hydrogen- 
ated by passing hydrogen gas through the hot oil, in which the 
catalyst is suspended. In this way triolein (from cottonseed 
oil) is converted into the solid tristearin (the chief component 
of beef and mutton fats). Rather and Reid applied the same 
principle in the reduction of unsaturated gases, f Freshly re- 
duced nickel on the surface of fine particles of infusorial earth 
was suspended in molten paraffin (an inert medium) and a 
mixture of ethylene and hydrogen was passed through the sus- 
pension. The ethylene was reduced to ethane. 

Aldehydes and ketones. Sodium amalgam is a convenient 
reagent for the reduction of an aldehyde or a ketone in aqueous 
or in alcoholic solutions. The time required for conversion of 
the carbonyl group to hydroxyl varies from an hour to two or 
three days, depending not only on the temperature, concen- 
tration of the solution, and thoroughness in stirring, but also 
upon the character of the aldehyde or ketone used. 

To a solution of 10 g. of butyric aldehyde in 250 cc. H 2 G, 1000 g, of 1 per 
cent sodium amalgam is added in 100-gram portions. The solution is stirred 
frequently, and kept slightly acid in reaction as long as hydrogen is being 
evolved. Butyl alcohol is obtained from the reaction mixture. 

Reduction of a ketone may result in the formation of a diter- 
tiary alcohol or pinacol. Acetone, dissolved in ether which is 
saturated with water, is reduced by sodium ; or, dissolved in 
water, it may be reduced by sodium amalgam. In either 

* Sabatier and Senderens, La Catalyse de chimie. 
t Rather and Reid, J. Am. Chem. Soc., 37, 2115 (1915). 
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cas<3 two products, namely, isopropyl alcohol and pinacol, are 
formed : 

CHs . CO • CHs + 2 H — CHs • CHOH • CH 3 . 

Isopropyl alcohol 

CHs • COH • CHs 

2CH3.C0-CH3 + 2H~-^ 1 

CHs -COH -CHs 

Pinacol 

The formation of pinacol is avoided by reducing the ketone 
with hydrogen gas in contact with hot finely divided nickel 
or copper. Pinacol becomes the principal product when acetone 
is reduced with magnesium in benzene. Mercuric chloride cata- 
lyzes the reaction. Magnesium pinacolate is the product actu- 
ally fonned in benzene solution, but the compound is easily 
hydrolyzed to pinacol and magnesium hydroxide. 

Benzophenone is reduced by ethyl alcohol to benzpinacol 
wdien the solution is exposed to ultraviolet light.* An equivalent 
quantity of alcohol is converted into acetaldehyde. 

Alcohols. Some alcohols may be -reduced to corresponding 
hydrocarbons by heating them with hydrogen iodide and red 
phosphorus. The reaction is not a general one. The first step 
in the process consists in replacement of the hydroxyl group 
by iodine, and with many alcohols the action stops at that 
point. In other cases hydrogen iodide is eliminated from the 
saturated halogen derivative, leaving an unsaturated hydro- 
carbon. The latter is usually reduced further by the same 
reagents, yielding a saturated hydrocarbon and iodine. 

CiHs • CHs • CHsOH C4H9 • CHs • GHsI 

— ^ G4H9 • GH : GHs C4H9 • CHs • CH3. 

Tertiary alcohols, and especially those of the aromatic series, 
are very easily reduced ; thus triphenyl carbinol is converted, 
almost quantitatively, into triphenylmethane by zinc and warm 
acetic acid. The reaction is completed within two or three 
hours. 

Acids. Some acids are converted into primary alcohols 
by electrolytic reduction. This reaction is not a general one. 
Many acids yield hydrocarbons when subjected to electrolysis. 

* Porter, Ramsperger, . and steel, J. Am. CJum. Soc., 45, 1830 (1923). 
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Acetic acid, for example, yields ethane, carbon dioxide, and 
hydrogen : qjj^qqOH CHs 

^ j -j- 2 CO 2 “h H 2 . 

CH3COOH CHs 

A few of the higher members of the acetic acid series and some 
homologues of benzoic acid have been reduced to hydrocarbons 
by heating them in sealed tubes four or five hours with hydri- 
odic acid and red phosphorus at temperatures between 200° C. 
and 240° C. 

C15H31COOH + 6 HI — C15H31CH3 + 2 H2O -h 3 12. 

Palmitic acid Hexadecane 

In general, the direct reduction of the carboxyl group is not 
a practical operation. It is much easier to reduce acid anhy- 
drides, esters, and acid chlorides. Consequently it is a common 
practice to convert the acid into one of these derivatives as a 
preliminary step. 

Aliphatic esters and esters of aromatic acids in which the 
carboxyl group is not attached directly to the ring are readily 
reduced to alcohols by treatment with absolute ethyl alcohol 
and metallic sodium. Acid chlorides are reduced to alcohols 
and amides to amines by the Sabatier and Senderens cataljdic 
process described on pages 383 and 884. 

Mtriles. The alkyl cyanides, or nitriles, are only slightly 
soluble in water but quite soluble in alcohol. The latter is 
therefore used as a solvent, and reduction is accomplished by 
the addition of metallic sodium. The solution is boiled under 
a reflux condenser and sodium is added from time to time. 
After about four times the calculated quantity of sodium has 
been dissolved the mixture is acidified and the solvent is dis- 
tilled off in vacuo. The free amine is then released by addition 
of alkali and obtained by distillation or by extraction with ether : 

RCN + 4 C2H5OH + 4 Na — ^ RCH2NH2 + 4 C 2 H 50 Na. 

Azo compounds. The azo dyes are reduced quantitatively by 
titanous chloride. A standardized solution may be used to 
titrate an aqueous or alcoholic solution of an azo dye, the dis- 
appearance of color indicating the end point. The molecules 
are broken between the nitrogen atoms of the azo group : 

CuHs— N=N— CjoHoOH -f 4 Ti+ + + + 4 H+ 

CcHsNHs + I-RNCioHeOH 4- 4 Ti+ + ++. 
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Phenylhydrazones break in the same way when treated 
with sodium amalgam and dilute acetic acid. The hydrazone 
is dissolved or suspended in ten to fifteen times its weight of 
90 per cent alcohol, then shaken with an excess of 2 per cent 
sodium amalgam. Acetic acid is added from time to time in 
suflicient quantities to give the mixture a slightly acid reaction. 

Nitro compounds. Aromatic nitro comi)ounds may be con- 
verted into amines by a great variety of reagents in either acid 
or alkaline solutions. An exhaustive study of the mechanism 
of the change and the influence of the environment upon the 
types of intermediate products formed was made by Haber, 
who reduced nitrobenzene electrolytically in acid, alkaline, and 
nearly neutral solutions. By varying the current density, he 
was able to produce efi'ects comparable to the results obtain- 
able with weak or strong reducing agents. His results are incor- 
porated in the discussion of nitrobenzene. 

In the commercial process of making aniline, iron and hy- 
drochloric acid are used to reduce nitrobenzene. Very little 
hydrochloric acid is required, a sufficient concentration of 
hydrogen ions being provided by the hydrolysis of ferric ions. 
The function of the iron as a reducing agent is shown in the 
following equations. These equations, however, do not show 
all the steps involved in the process. 

3 Fe + 6 H+ + C0H5NO2 3 Fe+ + GDDNPI. + 2 H2O. 

6Fe++-f6H+ + aiH5NOi> 

— 6 Fe+ + + CoHsNHo -f 2 H 2 O. 

Fe+++ + 3 H2O ■— > Pe(OH)3 + 3 H V 

Reduction of an aromatic nitro group with simultaneous 
oxidation of a side chain in the same molecule has been accom- 
plished through the agency of an alcoholic solution of potassium 
hydroxide. In this way Bogert and Fisher prepared an amino- 
quinoline carboxylic acid from 5-nitro-6~methyl-quinoline : 


NO2 NH, 



N N 


In the same way ort/m-nitrotoluene is converted into anthra- 
nilic acid. 
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Other reductions. An alkyl halide may be reduced to a hy- 
drocarbon by passing its vapor, mixed with water vapor, over 
zinc at 150°— 170°. Or, if dissolved in alcohol containing water, 
it may be reduced by boiling with zinc dust. This treatment 
always results in the fonnation of mixed products. Thus 
ethyl iodide yields butane along with ethane. Ai’omatic halo- 
gen compounds behave the same way. Diphenyl, CeHs ■ CeHs, 
is regularly formed in the preparation of phenyl magnesium 
iodide (Grignard reagent) by the action of magnesium on phenyl 
iodide, CsHsI, in ether. 

An alcoholic solution of an alkyl halide, if heated vdth 
sodium, usually yields an unsaturated hydrocarbon if the 
structure of the alkyl halide permits the removal of hydrogen 
and halogen from adjacent carbon atoms. 

A process of reduction by hydrogen under the catalytic 
influence of a finely divided metal was developed by Sabatier 
and Senderens between 1897 and 1912, and since then many 
modifications of the reaction have been worked out. 

The reaction is carried out by passing a mixture of hydrogen 
and the vapor of the substance to be reduced over freshly 
reduced nickel, cobalt, copper, or iron in a heated tube. The 
temperature required varies with the type of compound to be 
reduced. Some reductions proceed smoothly and rapidly at 
30°-40°, whereas other compounds must be heated to 250°-300°. 
By far the most efficient catalyst for most reductions is nickel. 
It is prepared by saturating lumps of pumice stone with a solu- 
tion of nickel nitrate and heating the mass to convert the nitrate 
into an oxide. The pumice is then placed in a hard glass tube 
and heated to 320°-350° with a stream of hydrogen passing 
through it. The oxide is reduced to metallic nickel. The 
material is not removed, but is used at once as a catalyst for 
gas reactions in the same tube. 

Ethylene and hydrogen, in the presence of nickel, form ethane 
at temperatures as low as 30°-35°. At 150° the reaction is 
rapid. Above 300° there is considerable decomposition of 
ethylene, resulting in deposition of carbon. 

Acetylene and hydrogen combine at ordinary temperatures 
with an evolution of heat that may spontaneously raise the 
temperature of the contents of the tube to 150°. Ethane 
is the principal product, but small quantities of aromatic 
and hydroaromatic compounds are formed. 
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Carbon monoxide and carbon dioxide are reduced by hydro- 
gen in the presence of nickel at 230°“250°. The reaction 
proceeds slowly at 180°: 

CO + 3H2— ^CH 4 +H 20 . 

CO2 + 4 H2 CH4, + 2 H2O. 

Aliphatic and aromatic nitro compounds yield primary 
amines. Secondary and tertiary amines appear in smaller 
quantities; hydrocarbons and ammonia also are among the 
by-products: 

3 Ho 

CeHsNOa — ^ C0H5NH2 + 2 H2O. 

6 H 

2 C 6 H 5 NO 2 (C 6 H 5 ) 2 NH + NH 3 + 4 H 2 O. 

4 Ho 

CeHsNOo — ^ CfiHe + NH3 + 2 H2O. 

At temperatures above 300° the benzene ring is ruptured 
and methane, ammonia, and water constitute the principal 
products. 

Phenols are reduced to hydrocarbons. The reaction is slow 
and incomplete at 250°, and at higher temperatures there is 
considerable decomposition, giving rise to methane and other 
aliphatic bodies. 

Alkyl and aryl chlorides are similarly reduced. Nickel 
chloride is formed during the reaction but is reconverted to 
metallic nickel by the excess of hydrogen. Bromides and 
iodides also yield hydrocarbons, but the reaction is less suc- 
cessful than with chlorides, probably because of the fact that 
nickel chloride is more readily reduced than is the bromide or 
iodide. 

Cyanides yield amines. Primary amines predominate in 
the products formed, but secondary and tertiary amines and 
ammonia are always present: 

RCN -h 2 Hs — > RCHaNHo. 

2 RCN + 4 Hg (RCH2)2NH + NH3, 


CONJUGATION AND RESONANCE 

Kopp’s law. In 1855 Kopp advanced the idea that the 
properties of compounds are additive functions of the properties 
of the individual groups or bonds which comprise the moleculk* 
It was assumed that each bond and each characteristic group in 
a molecule contributes a definite amount to the numerical 
values of the physical constants relating to the molecule. More 
or less successful attempts were made to calculate heats of com- 
bustion, absorption spectra, indices of refraction, magnetic 
rotations, and other properties of compounds by adding together 
appropriate values for the various bonds or atomic groups in a 
molecule. 

It soon became apparent, however, that Kopp’s law gave 
only rough approximations to the true values of physical 
constants, and that the character of every bond in a chemical 
compound is changed or modified by every change in the con- 
figuration of the molecule and by every substitution of one atom 
or group for another in any part of the molecule. In many 
satm’ated systems the delations from Kopp’s law are relatively 
small, but in unsaturated systems the deviations are usually 
very great. A study of the properties of unsaturated compounds 
leads to the conclusion that their structures are not adequately 
represented by formulas containing only the ordinary single, 
double, and triple bonds. 

It was observed as early as 1880 that the character of a 
double bond may be modified by the presence of another double 
bond in the molecule and that the type of addition product 
formed by a compound containing two or more double bonds is 
dependent upon the relative positions of these multiple linkages. 
In most cases an addition involving a diolefin is accomplished 
by breaking a double bond, an ion or radical of the addendum 
becoming attached to each of the two atoms originally con- 
nected by the double bond. There are many cases, however, in 

*H. Kopp, Ann., 96, 155, 303 (1855). 
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which double bonds are broken with addition to atoms that are 
not adjacent. Bromine, for example, acts upon a 1, 3-diene as 
follows: 

R— CH=CH~^CH=CH— R 

^ R— CHBr— GH=CH— CHBr— R. 


To account for anomalies of this kind Thiele advanced a 
theory of partial valence, which has been quite useful in the 
classification of addition reactions. Thiele maintained that 
when atoms are joined by double or triple bonds there is free or 
unused residual valence on each of the atoms so eonnected. 
This partial or residual valence he represented by dotted lines 
as follows : 

,>C=C< ' „ >C=0 , --N=N-~™ 


According to this view, unsaturated compounds are reactive 
because of the free partial valences. Addition takes place on 
these free partial valences, and the full force of a single bond is 
then established in the new linkage at the expense of the double 
bond. Thus the reaction between ethylene and bromine is 


CHa^CHs + Br3~ 

->CH2= 

-CH 2 ™ 

■^m.2 CHa 

1 ! 


Br 

'Br;"', 

1 I 

Br Br 


Conjugated systems. A compound having a pair of double 
bonds separated by a single bond is referred to as a conjugated 
system. In such cases the partial or residual valences on atoms 
that are linked together by single bonds may partially satisfy 
each other and become relatively inactive : 

GH 2 =-CH™CH==GH 2 becomes CHa—GH -CH---CH 2 


Carbon atoms 1 and 4 remain active, but the valence require- 
ments of carbon atoms 2 and 8 are to a considerable extent 
mutually satisfied. In a compound of this type, 1, 4 addition 
occurs. Carbon atoms 1 and 4 thus become sat urated, but 2 and 
3 are still unsaturated and a double bond is established in the 
2, 3 position. Conjugation is then impossible, and the next addi- 


CONJUGATION AND RESONANCE 387 

tion occurs on carbon atoms 2 and 3 . Thus the saturation of 
1, 3-pentadiene by bromine proceeds in steps as follows : 

CHs— CH^CH-CH^CHs^^CHs-CHBr-CH^CH-CHaBr 

-> CHa— CHBr— CHBr— CHBr-CHaBr. 

It was stated in an earlier chapter that when polar com- 
pounds, such as the halogen acids, are added to unsaturated 
compounds, the negative ion usually becomes attached to the 
carbon atom that is holding fewest hydrogen atoms. Thus hy- 
drogen bromide acts upon propylene, CHs — CH— CH2, forming 
isopropyl bromide, CH3 — CHBr— CH3. Contrary to this rule, 
hydrogen bromide acts upon acrylic acid, CHo^CH— COOH, 
forming / 3 -bromopropionic acid, CH2Br — CH2 — COOH. All 
a-Z^-unsaturated acids react with hydrogen bromide in the same 
way, that is, they yield / 3 -halogen acids : 

R— CH-=CH— COOH + HBr — > R— CHBr— CH2— COOH. 

Thiele’s theory affords an explanation. If the bromine had 
equal chances for combination with the two unsaturated carbon 
atoms, mixed products would be obtained ; but the acid presents 
a conjugated system in which the a-carbon is inactive. The 
choice presented to the bromine atom is that of combining with 
the jS-carbon atom or with oxygen : 

/OH 

R— CH=CH— C^O 

Under such circumstances the bromine attaches to the ]8-carbon 
atom, the more positive hydrogen going to the oxygen : 

/OH 

R— CHBr— CH=C< 

: : \OH 

One of the hydroxyl hydrogen atoms then migrates to the 
a-carbon, regenerating the carboxyl group : 

/OH 

R— CHBr— CH=C< 

\OH 


R— CHBr-CHs- COOH. 


388 THE CARBON COMPOUNDS 

The shift of the position of the double bond when a jS-j- 
unsaturated acid is heated with an alkali was explained by 
Thiele as due to a tendency to reduce as far as possible the 
residual valence in such a compound. A conjugated system is 
more nearly saturated than one having the same number of 
double bonds in positions that preclude the possibility of con- 
jugation. A shift of the double bond from the to the a-^ 
position reduces the free partial valences from four to two : 

yOH yOH 

CH2=GH-™CH2-C=0 CHs— CH=CH-C==0 


Conjugation is defined as an interaction between two or more 
groups in the same molecule. This interaction results in in- 
creased stability, large deviations in physical properties from 
those predicted by Kopp’s law, and markedly greater or lessened 
chemical reactivity as compared with the reactivities of sub- 
^ stances in which conjugation does not occur. 

Conjugation accounts for many peculiar 
phenomena in the aromatic series as well as 
in the aliphatic group. Benzene, for example, 
displays a completely conjugated system, and 


HG' 




'"jCH 




"C" 

H 


in consequence of this it acts more like a satu- 
rated than an unsaturated coTupound. It adds 
chlorine and bromine only very slowly in spite 
of the formal possession of three double bonds. 
Resonance. We may represent the possible structures of an 


Tliiele’s'formula 
for benzene 


ethylenic system by the following electron distributions : 


H H 

R:C::C :R' 


H H 

R:G:C:R' 


H H 

R:C:G:R^ 


H,H„ J, 

R:C:C:R' 


These structures in the older type of formula appear as follows : 
H H H H H H H H 

-cG— R R— <!)— E R— G (!) 

Double bond 


R 


Ionized forms 


Free radical 


We shall generally use a line to represent a pair of shared elec- 
trons, a double bond for two pairs, and a triple bond for three 
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pairs of shared electrons, instead of employing dots to show elec- 
tron distributions. 

Two double bonds in conjugated positions give rise to many 


forms, including the following : 






H H H H 



H 

H H 

H 

R- 

-U-ki- 

-R' 

R- 

A 

-(*:=L 

+ 


H H H H 



H 

H H 

H 

R- 

+ - 

-R' 

R- 

1 

„c- 

+ 

-U. 

1 , 

=c— ; 


H H H H 



H 

H H 

H 

R- 


-R' 

R- 

A 


i-: 


It is obvious that, without shifting atomic centers, the elec- 
tronic arrangements may be quite varied. The simple diene 
formulations cannot be quite correct ; the actual molecule is a 
composite of all these; It does not correspond exactly to any 
one of these forms, but is capable of reacting as if it were any one 
of them. This point of view does not imply that the compound 
is necessarily a tautomeric mixture of all forms in a state of 
equilibrium ; rather, we should assume that the actual molecule 
has none of these structures, but is in a form more stable than 
any single representation of this kind. The exact structure of 
the molecule is inexpressible in terms of bonds alone, nor can we, 
on the basis of present knowledge, assign a single definite elec- 
tronic configuration to the molecule. The actual structure, 
whatever it may be, is called a resonated structure. Like a tau- 
tomeric mixture, it has the capacity to react as if it were any of 
the possible forms. 

Resonance may be defined as interactions between two or 
more electronic structures of the same molecule. The period of 
oscillation between possible forms is believed to be of the order 
of 10“ seconds. To obtain resonance the various possible 
electronic structures must not differ greatly in energy content. 
The atoms (atomic nuclei) do not change position with respect 
to each other in the process of resonance. The phenomenon in- 
volves changes in electronic configurations only. Unlike a tau- 
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tomerie mixture, the resonated structure has a higher heat of 
formation than the calculated value for my of the limiting forms. 

As evidence that oscillation of the electronic charges between 
the limiting forms in a resonating molecule is very rapid, the 
fact may be cited that the dipole moments of nitrous oxide and 
organic azides are very small, whereas the structures 

N=:&=0 CHs— N=S t=N 

Nsfi'-o CHa— N— 


would lead to high moments if the shift from one form to the 
other were slow as compared with the time of relaxation 
(10“ sec.) of the molecule in an electrical field. Since resonance 
is considered to have a period of about 10“ seconds, each of 
these compounds should be represented by an intermediate 
structure in which there is no wide separation of charges. Com- 
paratively few molecules would ever be in either of the extreme 
forms represented by the above formulas. Resonance is a 
stabilizing influence, equivalent to any other method of decreas- 
ing the free energy of a system. 


The formula R- 


-<o 


does not accurately represent the 


structure of the anion of an organic acid. According to this 
formula the two oxygen atoms are not equivalent. One of the 
oxygen atoms is associated with a negative charge and the 
other is shown as doubly linked to the carbon atom. No such 
difference in character is detectable by any chemical or physical 
method. An acid ion exists in a resonated form in which the 
two oxygen atoms are exactly equivalent. The extreme limits 
through which the electrons may move are shown in the follow- 
ing structures, but the resonated form (the structure that ac- 
curately pictures the vast majority of the ions) corresponds to 
an electronic configuration that lies between these extreme 
forms. In very few ions will the oscillations have amplitudes as 
great as are represented in these limiting structures. 
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Resonance occurs in the ion to a much greater extent than in 
the undissociated molecule, and this stabilizing influence pro- 
motes dissociation of the acid. 

A similar argument applies with respect to the mobility of 
hydrogen on the a-carbon atom in a ketone. 

0 

R— CH— C— CHa 

t| +H+ 

0- 

,R— CH=C— CHs 

Resonance between the two forms of the ion stabilizes the ionic 
structure and promotes the release of the a-hydrogen atom. In 
1, 3-diketones the multiplicity of forms greatly stabilizes the 

O 0 

ion and the enol as well. The ketone R— CH 2 — C— -GHo — C — R 

OH O 

is in equilibrium with the enol, R—CHa— ci=CH~— (t----R^ The 
enol ionizes, and the ion is a resonating structure capable of 
existing in many forms, including the following : 

0 - 0 0 0 

1 ■ II - II : : I! 

R— CH-2— C=CH— C— R, R— CH 2 — C—CH—C-^R, 

0 0 ~ 

r___CH2— C— GH-=C— R, 

Resonance in the un-ionized enol gives rise to chelate struc- 
tures of the following type : 

0— -H -0 0— H-— 0 

R,: , R---GH2--I—GH=^C^ 

In these formulas the hydrogen atom is shown attached to 
both oxygen atoms. We speak of the oxygen atoms as being 
connected through a '' hydrogen bond,” and the cyclic structure 
produced through the hydrogen bond is called a chelate com- 
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pound. A hydrogen bond can be established in a case of this 
kind because in the cyclic form both oxygen atoms are within 
bonding distance of the hydrogen atom. 

Closely related to the aliphatic keto~enol problem is resonance 
in aromatic systems. Two phenomena may be considered here : 
(a) the acidity of phenols and (6) the weak basicity of aromatic 
amines. In the case of the former, we may represent the dis- 
sociation as follows : 



Resonating structures are written for both the undissociated 
phenol and the anion j but the resonance energy of the ion far 
exceeds that of the phenol itself, and this favors dissociation. 
This explains the high acidity of a phenol as compared with that 
of an alcohol, in which no resonance occurs. 

In the case of an amine, resonance favors formation of the 
free base. 



In the salt no resonance is possible. Resonance stabilizes the 
free base and explains the low dissociation constant of aniline 
(4.6 X as compared with that of ammonia (1.8 X 10" "O- 
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Resonance plays an enormous role in determining the base 
strength of guanidine. 


HaN. 

>C=NH + H+ 
HaN/ 


/■HaNs 

HaN/" 


C=NH2 


HaN. 

>C— NHa 
HaN/ 

HaNv 

+ >C-~NH2 
HaN^ 


There are three equivalent forms of the cation derived from a 
guanidine salt. The three forms are identical in structure and 
in energy content, and this equivalence favors resonance in the 
ion. Resonance is possible in the free base, but no other possible 
form of the free base has as low an energy content as the one 
shown above. The difference in the resonating capacities of 
free guanidine and the ion favors the production of ions (salt 
formation), and guanidine acts like a strong base. 

The same factors participate in determining the dissociation 
of negative groups, such as hydroxyl, halogen, and the sulfonic 
acid group, from arylated methane derivatives. The simple 
aliphatic compounds, ROH, RCl, and RSO 3 H, show no tendency 
to ionize, and all reactions involving the rupture of the C~0, 
C — Cl, and C— S bonds in these compounds are slow. The 
same groupings, however, in such compounds as 

(CgH 5 ) 3 COH (C6H5)3CC1 (C6H5)3CS03H 

either actually ionize or are extremely reactive. The marked 
difference may be ascribed to the capacity of the aromatic ring 
systems to absorb the positive charge through resonance. 

The problem of the structm^es of benzene, naphthalene, and 
anthracene may be answered in terms of resonance. The failure 
to find isomeric ort/io-disubstitution products of benzene de- 
mands a labile structure for the benzene ring. The two inter- 
changing KekuM structm’es 


394 THE CARBON COMPOUNDS 

suffice to explain the fact if we assume that the isomeric change 
is rapid as compared with any known method of separating the 
isomers. On the basis of Kopp’s law the heat of combustion of 
benzene should be about 37,000 calories greater than that found. 
Neither of the above structures, carrying all the implications of 
aliphatic chemistry, accounts for the great stability of benzene 
nor for its slight tendency to form addition products, nor for its 
low heat of combustion. It is believed, therefore, that neither 
formula is correct, but that the actual molecule is the result of 
interaction between these two ; that is, it is a resonated form. , 
The production of absorption bands in the visible spectrum 
is accompanied by an extended conjugated or resonating system. 
Thus in derivatives of triphenylmethane the resonance normally 
involves two rings when color is produced. An example is 
phenolphthalein (page 281), which is not colored until, through 
ionization of the second phenol group, the two rings are rendered 
identical from a resonance standpoint. Similarly salts of mono- 
aminotriphenylcarbinol are not colored, but the diamino and 
triamino derivatives are colored. Resonance occurs in salts of 
the diamino compounds as follows : 

C0H5 __ 


CaH 


Resonance and bond distances. Intramolecular attraction as 
well as intermolecular attraction tends to reduce the distance 
between atomic centers. In saturated compounds the distance 
between carbon atoms (the C—C bond) is 1.54 A. When doubly 
linked (the C=C bond) the distance becomes 1.85 A, and in 
acetylene (the C=C bond) the distance is I.ISA. In benzene 
the carbon atoms are equidistant from each other and 1.42 A 
apart. The distance between two atoms that are linked through 
a single bond is modified by the presence of an adjacent double 
bond. This is shown by comparing the C — Cl bond distances 
in phenyl chloride, vinyj chloride, and ethyl chloride. The dis- 
tances are 1.70A, 1.68A, and 1.76A respectively. Conversely, 
deviations from normal bond distances become a measure of the 
degree of resonance. 



CONDENSATION PROCESSES 

THE GRIGHAEB REACTION 

In the year 1901, Grignard f published the results of his ex- 
periments on the preparation of alkyl magnesium halides and 
their applications in synthetic processes. His work led to the 
development of one of the most important general reactions 
in the field of organic chemistry. 

The Grignard reagent. A weighed quantity of clean, dry 
magnesium turnings is suspended in pure dry ethyl ether in a 
flask provided with a reflux condenser. An anhydrous ether 
solution of an alkyl or aryl halide (containing a quantity of the 
compound chemically equivalent to the weight of magnesium) 
is added. A crystal of iodine is sometimes used as a catalyst, 
but the reaction usually begins at once without a catalyst and 
becomes violent if not retarded by cooling. Heat is evolved 
and the ether boils vigorously. If it fails to boil spontaneously, 
the mixtu]^' is warmed on a water bath until the magnesium is 
dissolved. The reaction between magnesium and the alkyl 
halide is represented by the equation 

RX + Mg— ^RMgX. 

The product RMgX is known as the Grignard reagent. 

In consideration of the fact that the reagent generally retains 
one molecule of ether when the solution is evaporated to dry- 
ness, many investigators have assumed that it should be con- 
sidered an oxonium compound of the type 

C 2 B 5 . MgX C 2 H 5 V yMgR 

* Cohen defines condensation as "the union of two or more organic molecules 
or parts of the same molecule, with or without elimination of component elements, 
in which the new combination is effected between carbon atoms.” The terra, there- 
fore, applies to a great variety of synthetic processes. Typical examples of con- 
densation are Wurtz’s synthesis, Perkin's synthesis, the Grignard reaction, the 
Priedei and Grafts reaction, and so on. 

t Grignard, Ann. chim, etphys., 7th series, 84, 4S3 (1901). Fora goodbibliography 
of the Grignard reaction see West and Gilman’s " Organo-magnesium Compounds,” 
National Research Council Reprint No. (1922). 
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Other support for this conclusion is based upon the fact that 
magnesium is not attacked by alkyl halides in the presence 
of such solvents as benzene, toluene, and the paraffin hydro- 
carbons. The reagent can be prepared, however, in benzene- 
ether mixtures containing much less ether than the quantity 
theoretically required to produce the oxonium compound'* * * § '; or 
it may be prepared in the absence of any oxygen compound, as, 
for example, in dimethylaniline f or in quinoline. J It is true 
that the solvent is held more or less firmly by the organo- 
magnesium compound, but it is equally certain that the solvent 
may be removed until the quantity remaining falls Mr below 
the limits demanded by the oxonium formula. In fact some 
alkyl magnesium halides have been prepared by the action of 
the metal and the alkyl halide in the absence of any other 
substance. 

Side reactions reduce the yields of organo-magnesium com- 
pounds. The most important deviation from the main re- 
action is due to the tendency of magnesium to act upon alkyl 
halides with the formation of magnesium halide and hydro- 
carbons. With potassium, sodium, or even with zinc, instead of 
magnesium, this is the normal course taken (Wurtz's synthesis). 

Carbon dioxide. When a stream of carbon dioxide is passed 
into an ether solution of methyl magnesium iodide, a crystalline 
addition product is formed at once : 

/P /OMgl 

CC + CHsMgl — ->■ C^CHs 

The ether solution is poured upon crushed ice to hydrolyze the 
addition product, and hydrochloric or sulfuric acid is added to 
prevent precipitation of magnesium hydi’oxide. Acetic acid is 
formed in this reaction : 

/OMgl 

C^CHs +H0H~>CH3G0GH + MgI0H.§ 

NO 

* Tschelmzeff, Bfii-., 37, 4534 (1904). 

t Tschelinzeff, 2081. 

i Sachs and Sacha, Bcr., 37, 30S9 (1904). 

§ In the add solution the salt MglOH does not exist. The products are Mgla, 
MgCla, or MgSO-j, or the ions of these salts. In order to keep the equations in the 
simplest possible forms we shall use formulas of the type MgXOH to represent 
hydrolysis products of compounds formed through reactions of the Grignard reagent. 
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Homologues of acetic acid may be prepared in the same way 
by substituting for the methyl group any other alkyl radical. 
Benzoic acid and its homologues may be prepared with equal 
ease by using aryl magnesium halides. The influence of the 
halogen, though usually slight, cannot be ignored. In this 
case it is quite an important factor. Magnesium phenyl iodide 
with carbon dioxide gives a good yield of benzoic acid.* The 
corresponding bromide yields very little benzoic acid, the prin- 
cipal products being triphenyl carbinol and benzophenone. 
The three products are formed simultaneously under any cir- 
cumstances, but any one of them may be made to predominate 
by suitably modifying the conditions of the experiment : 


GeHsMgBr -f CO2 


/OMgBr 

Hap CeHsCOOH + MgOHBr; (1) 

Benzoic acid 

C,,H 5 \ /OMgBr 

>c/ 

CeHo/ 

C ’Hr 

H 2 O ' “\cO + MgBr. + Mg(OH).; (2) 
CoH/ 

Benzophenone 

SCcHjMgBr + CO 2 — (C6Hs),COMgBr+MgO+MgBr2, 
(C6H5)3COMgBr + HOH — ^ (C,,H 6 )aCOH + MgBrOH. ( 3 ) 

Triphenyl carbinol 


2C6H5MgBr + CO 2 


^OMgBr 


A quantitative sdeld of triphenylacetic acid is obtained when 
triphenylmethyl magnesium chloride is treated with carbon 
dioxide: ^ 

(CeH,)=CMgCl + CO. 

The eymene carboxylic acids are made from the correspond- 
ing bromides by means of the Grignard reaction.f A few drops 


* Zelinsky, Scr., 35, 26S7 (1902). 
t Bogort and Tuttle, J, Am. Ckem. Soc,, 38, 1353 (1916). 
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of ethyl iodide activate the magnesium so that it dissolves 
rapidly in an ether solution of bromocymene. The ether solu- 
tion is then cooled to about —10° and kept in contact with 
carbon dioxide under pressure for eight or ten hours. The 
product is hydrolyzed with ice and dilute hydrochloric acid : 


cm 



Mg, COo 
>. 


CH(CH.,)2 

S-Bromocymene 


H.G 


'C\o 

CH(CH3)2 



GOOH 


CH(CH3)2 

Cymene-3-carboxylie acid 


Sulfur dioxide,* nitrogen dioxide, f and carbon disulfide com- 
bine with the Grignard reagent, forming compounds analogous 
to those formed with carbon dioxide. 

Water, alcohols, phenols, and amines decompose alkyl and 
aryl magnesium halides, with the formation of hydrocarbons, 
as indicated by the following equations : 


2 CaHsMgBr + 2 H 2 O 2 C 2 HB + MgBra + Mg(OH) 2 . (1) 

2C2H5MgBr + 2 C 2 H 30 H 

— ^ 2 C 2 H 6 + MgBr2 + Mg(OC2H5)2, (2) 

2 C 2 H 5 MgBr 4 - 2 C 6 H 50 H 

— > 2 C 2 H 6 + MgBrs + Mg(OC6H3)2. (3) 

H 

CjHsMgBr + CeHsNHs — > CsHr, + CcHsN/ 

\MgBr (4) 

Amino and hydroxyl hydrogen may be estimated quantita- 
tively by measuring the ethane gas evolved in these reactions4 

Primary amines are capable of further action. Both amino 
hydrogen atoms are removed at elevated temperatures (boiling 
point of the ether solution). A secondary amine, having only 
one available hydrogen atom, reacts with but one molecule 
of the reagent. Tertiary amines are inactive. The metallic 
derivatives formed in these reactions are hydrolyzed rapidly 
by water, regenerating the original amines, phenols, and alco- 
hols. The carbonyl as well as the amido group in an amide is 

* Rosenheim and Singer, Ber., 37, 2152 (1904). Houben and Kesselkaul, Ber., 
35, 3695 (1902). 

t Wieland, Sen, 36, 2315 (1903). 

j Hibbert and Sudborough, Proc. Chem. Soc., 19, 285 (1903). 
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susceptible to reaction with alkyl magnesium halides. A ketone 
is the final hydrolysis product derived from a primary amide, 
but the yield is unsatisfactory : 

Jd /OMgX 

R—Cf + 2R'MgX — >■ R— C^R' + R'H ; 

\NH-MgX 

/OMgX 

+ 2H2O 
\NH-MgX 


/OH 

R— 

NNH, 


/OH 

R— C^R' +MgX3 4-Mg(OH)2; 
\NH2 

->• R— CO— R' + NHs. 


The last step takes place spontaneously at temperatures at- 
tained on a water bath. 

Aldehydes and ketones. The Grignard reagent acts upon 
aldehydes and ketones, forming compounds which are readily 
hydrolyzed to alcohols. Generally an ether solution or sus- 
pension of the aldehyde is added to an ether solution of the 
reagent, and the mixture is wanned on a steam bath under 
a reflux condenser for two or three hours. The reaction mix- 
ture is then cooled and slowly poured on cracked ice. The 
hydrolysis is accompanied by the evolution of heat. Enough 
hydrochloric acid or ammonium chloride is added to the ice 
to hold the magnesium in solution, and the alcohol is extracted 
with ether. , 

Formaldehyde gives rise to primary alcohols. All other al- 
dehydes yield secondary alcohols, and ketones are converted 
into tertiary alcohols : 


R'MaX ' /R'v:tv- ■ v' y/R' 
R~-CHO — R-G^GMgX HsO R—G^OH ; (1) 

\h' 

OMgX 

R'MgX ■ . . . .. ^ ' d 

R__CO— R R— C— R HoO R— C— R. (2) 


If the aldehyde or ketone is also a primary or secondary 
amine, an excess of the reagent must be used, for the speed of 
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the reaction with an amino group is much greater than with 
the carbonyl. The latter reacts, therefore, only with the mag- 
nesium compound remaining after the amino group has been 
completely satisfied. With aminobenzophenone, for example, 
the reactions proceed as follows : 


<I>-CO~<I>-NH, 


2RMgX 
^ 


/~V /MgX 
CO-< >NC 
-s — ^ \MgX 


RMgX 
^ 


OMgX 




R 


MgX 

■MgX 


SHoO 


OH 


R 


Cyclic compounds have been made by the action of magne- 
sium on ether solutions of halogen-substituted aldehydes and 
ketones.f 


CHo- 

1 

-CH2- 

-CHO 

CHs- 
Mg 1 

-CH3--CHO 

CH2- 

-CH2- 

-CH2I 

CHo- 

-CH2--CH2MgI 


CH2— GHo— CHOMgl 
CHo—CHo—CHa 
H2O CH2— CH2— CHOH 
CHs^CHo—CHo 

Acid chlorides and esters. With acid chlorides and esters, 
the aryl and alkyl magnesium halides form addition products 
which, upon hydrolysis, yield ketones or tertiary alcohols : 

R'MgX R— C 
>- 

532 R— CO— R' + ROH + MgXOH. 

* Porter and Hirst, J. Ajw.. C/i^ Sor., 41, 1261 (1919), 
t Zeliosky and Moser, Ser., 35, 2G84 (1902). 


/OMgX 

\OR 


^OR 
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With an excess of the reagent the alkoxyl group of the ester 
is replaced by an aryl or alkyl radical : 

/OMgX 

R— C^R' + R'MgX — ^ R— C 

\0R 


/OMgX 

(|; -.MgXOK; 


:gx /OH 

+ HoO — >■ R— C^R' -1-MgXOH. 

\R' 

Esters of formic acid yield aldehydes or secondary alcohols. 
The production of benzaldehyde from ethyl formate and phenyl 
magnesium bromide is accomplished on a commercial scale. 

Many esters are capable of reacting in more than one way. 
In cyanoacetic ester, for example, the cyanide radical or the car- 
bonyl or both may unite with the reagent. The product formed 
depends upon the relative velocities of the possible reactions. 
In this case the fastest action is addition on the — CN group : 

R 


R— C^R' 
\R' 


C^N 

I 

CH 2 

! 

C =-0 


-l-RMgX 


C=N— MgX 

! 

GH 2 

I 

c=o 


OC2H3 OC2H5 

On hydrolysis this product yields a |d-ketonic ester. 

When treated with a Grignard reagent, acetoacetic ester and 
other /3-ketonie esters which are capable of tautomeric change 
react in the enol form. The original ester is regenerated when 
the reaction product is hydrolyzed with cold water. On the 
other hand, dialkyl acetoacetic esters yield /3-hydroxy acids and 
ditertiary alcohols : 

CHs— CO-CR2-COOC2H5 

R'MffX /OH 

CHs-C^— -GR2-COOH ( 1 ) 

\R' 


CHs— GO-CR2 


-COOG2H5 

3 R/MgX 


> CHs- 


/OH 

-C^— CR 2 - 
\R' 


/OH 

-GfR' 

\R' 


( 2 ) 



addition products with alkyl magnesium halides : 


'^O + CHsMgBr 


CHs— OMgBr 
•1 

a— L-xla 


On hydrolysis the addition product is converted into a primary 
alcohol. 


ergetically with the Grignard reagent, jdelding products in 
which one or more of the halogen atoms are replaced by hy- 
drocarbon radicals. Triphenylmethane is produced by this 
reaction: 

CHBrs + 3 CeHsMgBr (C6H5)3CH + 3 MgBro. 

Benzal chloride yields its chlorine in a similar way, giving 
the same product : 

CgHsCHCIs -h 2 CoHsMgl (CcHsjsCH + MgCIa + Mgl2. 

Halogens may be replaced by hydrogen, by converting the 
halide into a magnesium addition product, then decomposing 
the compound with water.' Triphenylchloromethane is thus 
converted into triphenylmethane: 

(CgHsIsCCI + Mg (Cm^liBCMgCl ; 
(C6H5)3CMgCl + H 2 O (CoHslaCH + MgClOH. 

With ethylene chlorohydrin and its homologues an alkyl or 
magnesium halide acts first with the hydroxyl group : 

CH 2 CI CHoCl 

CH 2 OH CH.OMgX 


Thus benzil has been converted into diphenyidiethyl glycol : 

CA GH OH CeHr, 

CeHs— CO— CO— CcHs G — G 

/ \ 

C2H5 , C2H5 . 

Since many tertiary alcohols lose water and form unsatu- 
rated hydrocarbons when heated, the Grignard reaction has 
been used to prepare derivatives of ethylene. 
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If an excess of the reagent is used, the chlorine atom is replaced 
by a carbon radical : 

CH 2 CI „ CH 2 R „ ^ GH 2 R 

I RMgX I H 2 O I 

CHsOMgX CHsOMgX CH2OH 

Organic acids. Monobasic aliphatic acids, also benzoic acid 
and its homologues, are converted into tertiary alcohols by 
dissolving or suspending them in dry ether with phenyl mag- 
nesium bromide, and boiling the mixtures from one to six hours.^ 
Although dry acids and a nonionizing solvent are used in this 
process, the first step in each case is a replacement of the 
hydrogen atom in the carboxyl group. Hydrocarbons appear 
as by-products of the reaction. The following equations, there- 
fore, show only in a qualitative way how alcohols may be ob- 
tained from acids. The dibasic acids (oxalic, malonic, succinic, 
and adipic) fail to yield analogous products. 

/OMgBr 

R—Cf CeHs -h MgBrOH ; 
XCeHs 

/OH 

R— C^CeHs + MgBrOH; 
NCeHs 

Inorganic salts. The halogen salts of mercury, lead, tin, 
arsenic, antimony, bismuth, silicon, phosphorus, and thallium 
are decomposed by alkyl and aryl magnesium halides with the 
formation of organic derivatives of these elements. Phos- 
phorus trichloride, with an excess of phenyl magnesium bro- 
mide, yields triphenylphosphine : 

2 PCI 3 + 6 CeHsMgBr 2P(C6H5)3 + 3 MgCb + 3 MgBr 2 . 

Mercury biphenyl, tin tetraphenyl, and trimethylarsine are 
formed with equal ease. The behavior of lead chloride is of 
interest, a tetra-aryl derivative being produced from a salt in 
which the lead atom is bivalent : 

2PbCl2 + 4 CsHsMgBr 

— > Pb -f Pb(C6H5)4 + 2 MgCh + 2 MgBro. 
Lead tetraphenyl crystallizes in colorless prisms melting at 227.7°. 

* F. N. Peters, Jr., Esther Griffith, D. R. Briggs, and H. E. French, J.Am. Chen. 
Soc., 47, 449 (1925). 


>0 


n—c/ -l-2C6H5MgBr 
^OH 

/OMgBr 

-C^-CgHs + HaO 

\C0H5 


R- 
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Unsaturated compounds. Kohler and his coworkers have dis- 
covered certain regulaiities in the addition of the Grignard 
reagent to unsaturated compounds presenting conjugate sys- 
tems of double bonds.* Aldehydes of the type 

R— CH=CH— CH=6 

yield 1, 2 addition products. That is, the reagent acts upon 
the carbonyl group, giving 

R— CH=CH— C^OMgX 

\h 

Ketones follow the same rule if one of the groups attached 
to the carbonyl is the methyl radical. Other ketones with con- 
jugate double bonds yield 1, 4 addition products. Thus, from 

R~-CH=CH-^Cf 


we obtain 


R\ /OMgX 

>CH— CH-=C< 


On hydrolysis this yields a saturated ketone. 

With a-jd-unsaturated esters there are three possibilities. 
The alkoxyl group may be replaced by the radical of the 
Grignard reagent, or 1, 4 or 1, 2 addition may occur : 

/P 

R— CH=CH— Cf +R'MgX 

^OR Q 

^ R~~CH=CH--C/ + MgXOR; (1) 
\R' . 


R— CH=CH— Cf + R'MgX 

\OR „ 

iV \ 


OMgX 


CH~CH==GC (2) 
\OR 


+ R'MgX 


R— CH=GH-~CeOMgX. (S 


* Kohler and Heritage, C/im. 33, 21 (1905). Kohler and Reimer, Am, 
CJiem.J., 33, 333 (1905). Kohler,'.4m. CM®. 132 (1905) ; ibid., 37, 369 (1907). 
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Reactions (1) and (3) give rise to the same products, and 
we cannot determine which mechanism represents the actual 
process. If the radical in the Grignard reagent is aromatic, 
the reaction goes chiefly according to (1) or (3). If the radical 
is aliphatic, reaction (2) is favored. 

Cinnamic acid is converted into jdid-diphenylpropionic acid 
by treatment with phenyl magnesium bromide : 

CsHs. 

CeHs— CH=CH— COOH- h- YCH-CIK— COOH. 

CeHs^ 

Cinnamic acid pp-Diphenylpropionic acid 

(m.p. 134°) (m.p. 160°) 

The first step in this conversion is probably 1, 4 addition. This 
is followed by a molecular rearrangement. 


ZINC ALKYL REACTIONS 


As early as 1852 Franldand had reported the preparation 
of zinc alkyl compounds and had called attention to their re- 
markable activity. Every year from the time of Prankland’s 
discovery to the beginning of the twentieth, century, efforts 
were made to use the metallic alkides in sjmthetic work. These 
attempts were not entirely successful on account of the difficul- 
ties encountered in the preparation and use of the reagents. 

When ethyl iodide and zinc are heated together in the ab- 
sence of air, compounds corresponding to the formulas C 2 Hr,ZnI 
and (C 2 H 5 ) 2 Zn are produced. The former is a colorless solid. 
The latter — zinc ethyl — is a colorless liquid. It boils at 118° 
and burns spontaneously in an atmosphere of oxygen or air. 
Other alkyl halides react with zinc in the same way. 

Zinc alkyls are hydrolyzed by cold water. The products are 
zinc hydroxide and saturated hydrocarbons : 

2 HOH + Zn(C 2 H 6)2 — > Zn(OH )2 + 2 C 2 H 6 . 


Secondary alcohols are formed through the condensation of 
aldehydes with zinc alkvls ; 

/H 

R— CHO 4- Zn(C2H5)2 R-C^OZnCsH^ 

\C2H5 

R— C^OZnC 2 H 5 ^^CHOH + Zn(OH )2 + CaHf). 

\C2H5 C2H./ 


* Frankland, P7iiL Trana., 142, 417 (1852) ; Ann., 85, 329 (1853). 
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Ketones react with zinc alkyls, forming tertiary alcohols 

R. /CsHs R. /OZnCzHs 

>CO + Zn< — > >C< 

r/ N32H5 W \C2H5 

/C\ y 4" Zn(OH)2 + C2B.6* 

W \C 2 H 5 ^C2H5 

When an ester is treated with one equivalent of 2inc alkyl, 
a ketone is produced : 

.0 /OZnC2H5 

R— CC + Zn(C2H5)2 —>■ R~Cf C 2 H 5 
^OR \OR 

/OZnC2H5 2 HoO /OH 

R— CeC2H5 ^ R— Cf-C2H5 + Zn(OH )2 + C 2 H 6 ; 

\OR \OR 

/OH 

R— CeC2H5 -— >■ R— CO— C 2 H 5 + ROH. 

\OR 

With an excess of the zinc alk 5 d, an ester can be converted 
into a tertiary alcohol : 

y.O /OZnCsHs /G2H5 

R— Cf + 2 Zn(C2H5)2 R— Cf C 2 H 5 +Zn< 

\OR \C 2 Hr. ^OR 

/OZnC2H5 2 H 2 O /OH 

R— C^CsHs ^ R—C^CsHs + Zn(OH )2 + G 2 H 6 . 

\G 2 H 5 \G 2 H 5 


THE FRIEDEL AND CRAFTS REACTION 

The catalytic influence of anhydrous aluminum chloride in 
effecting condensations between aliphatic halogen compounds 
and derivatives of benzene, naphthalene, and anthracene was 
observed by Friedel and Crafts* in 1876. Applications of the 
reaction have been extended to almost every tsrpe of change 
which involves the elimination of hydrogen chloride, hydrogen 
bromide, or hydrogen iodide* The catalytic action of alumi- 
num chloride is an important aid also in niany reactions that 
do not involve the removal of a hydrogen halide. 

* Friedel and Crafts, Ber., 10, 1180 (1877) ; Compt. rend., 84, 1392 (1877). 
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Ferric chloride, ferric bromide, and the corresponding salts 
of antimony, zinc, and tin may be substituted for the aluminum 
salt; but as a rule aluminum chloride is superior to these, and 
in many cases it is the only reagent of practical value in bring- 
ing about the condensations. 

1. Side chains introduced. Homologues of benzene may be 
made by the action of aluminum chloride on a mixture of ben- 
zene and an alkyl halide : 

CeHo + CHsCl CoHsCHs + HCl ; 

CeHsCHs + GH3CI C6H4(CH3)2 + HCI. 


The reaction does not stop when one alkyl group has been 
introduced into the ring. Products containing two or three side 
chains may be formed at the same time. Separation of the 
products is accomplished by fractional distillation or crystalli- 
zation. The halogen atom involved in the reaction must be 
attached to an aliphatic carbon atom. Chlorobenzene, for ex- 
ample, will not react with an aliphatic hydrocarbon to form a 
homologue of benzene. Benzyl chloride or any aromatic com- 
pound having chlorine or bromine in an aliphatic side chain 
will respond to this treatment ; thus benzyl chloride and ben- 
zene yield diphenylmethane : 



Benzal chloride and benzene yield triphenylmethane : 

o 


<^CHCl!+2C.H„^<^-c6 +2Ha. 





2. Side chains removed. A solution of xylene in benzene, when 
boiled with dry aluminum chloride, is partly converted into 
toluene. The reaction is reversible, toluene being partly con- 
verted into a mixture of xylene and benzene : 

CoH4(CH3)2 + CgHg 2 CeHsCHs. 
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8. Fonnation of ketones. Acid chlorides (aliphatic or aro- 
matic) react with aromatic hydrocarbons to yield ketones: 

CH;j • CQCl -h CoHe CH 3 • CO • CqHb + HGl. 

Phosgene reacts in the same way : 

AIGI 3 //CeHs 

CO +2C6H6-~ — too +2 HGL 

\C1 XCcHs 

4. Preparation of aldehydes. A mixture of carbon monoxide 
and hydrogen chloride acts as if it were formyl chloride and, 
like any acid chloride, condenses with an aromatic hydro- 
carbon : 

CH3<^ > + HCOCl — > CH3<' >CH0 + HCl. 






A very successful method for introducing an aldehyde group 
into a phenol, or a phenol ether, consists in treating the com- 
pound with a mixture of hydrogen chloride and hydrogen 
cyanide gases in the presence of ahmiinum chloride. The 
condensation product is hydrolj^zed by acidifying and distill- 
ing with steam : 


OCH 3 HCl-HCN 
/\ or 

-hClGH;NH 


OGH 3 


OCH3 


H2O 


+ NH3. 


CH:NH 


CHO 


The oxime of chloroformic aldehyde serves also to introduce 
an aldehyde group : 


-f C1CH: N0H 


CH : NOH 


H2O 


CHO 


-h NH 2 OH. 
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Chloroformamide may be used to make the corresponding acids : 


CeHo + ClCONHs' 
CeHsCONHs + KOH 


GeHsCONHs + HCl; 
GeHsCOOK + NHs. 


6. Internal condensation. Some aromatic compounds (es- 
pecially acid chlorides) having a halogen atom attached to the 
third, fourth, or fifth carbon atom in an aliphatic side chain 
will form condensed ring compounds : * 


-CH 2 --CH 2 — CHs— COCl 


+ AlCi3 


-CH-CH 2 

-CO--CH 2 


+ HCl 


6. Chlorination. Benzene and its homologues may be chlori- 
nated with great rapidity by passing chlorine into a suspension 
of dry aluminum chloride in the hydrocarbon : 

CeHe + CI 2 — > CeHsCl + HCL 

7. Sulfinic acids. Benzene absorbs sulfur dioxide in the 
presence of aluminum chloride, forming an addition product, 

C.Hc + SO.-.CeaSO.H. 

8. Dehydration. Aluminum chloride is a good dehydrating 
agent, and when a reaction mixture presents the possibility of 
splitting out either water or a halogen acid, the course that will 
be followed cannot be predicted. Trichloroacetaldehyde, for 
example, reacts with benzene as follows: 

CCI 3 CHO + 2 GeHs CClgCHCCeHsla + H 2 O. 

An addition product also appears : 

GCI3CHO + GfiHe CCI3 • GHOH . CeHs. 

And in smaller quantities, a product resulting from loss of hy- 
drogen chloride is formed ; 

GCI3CHO + GgHg CaHsCGlsGHO -b HCl. 


* Kipping and Hall, Proc, Chem, Soc,, 15, 173 (1899), 
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The mechanism of the Friedel and Crafts reaction is not 
thoroughly understood. An intermediate product may be 
formed by the action of aluminum chloride on the hydrocarbon, 
and this, in turn, may act upon the halogen compound : 

CgHo + AhCh CeHsAlaCls + HCl ; 

C 0 H 5 AI 2 CI 5 + RCl — CoHoR + AUCle. 

The objection to this theory is that a large quantity of the salt 
is required, the yield, in most cases, being roughly proportional 
to the amount of aluminum chloride used. This would not be 
true if the salt, in the rdle of a true catalyst, could be used re- 
peatedly. Gustavson found that aluminum chloride forms 
fairly stable compounds with hydrocarbons. He isolated 
products having the formulas AUClo • CoHo and AUClfj * 6 CeHo. 
In the same way many of the condensation products formed 
by the Friedel and Crafts reaction combine with aluminum 
chloride. Combination of the salt with the solvent or with a 
product of the reaction would result in its rapid removal from 
the field of action, and this may account for the necessity of 
using large quantities. On this basis, Steele * supports the claim 
that aluminum chloride is a true catalyst, and he maintains 
that it differs from other catalysts only on account of its 
tendency to become inactive through the formation of stable 
compounds of the types mentioned. 

It is not always necessary to supply a catalyst to secure con- 
densation through elimination of hydrogen chloride. The re- 
action proceeds spontaneously in many cases. Michler’s ketone 
is prepared by the direct action of phosgene on dimethylaniline : 

/Cl /C6H4N(GH3)2 

CO + _^CO • +2HC1. 

\C1 C6H.N(CH,), \C6H.N(CH3)2 

Phenol condenses in the same way with benzotrichloride : 

+ 2</^OH — >• + 2HC1 

XI>OH 

♦Steele, J, Chem. Soc., 83, 1470 (1903), 
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This chloride is hydrolyzed by water/and the resulting carbinol 
passes spontaneously into the dye, aurine : 

V-- — V > v 

<T>-coh - H2O <0- 

Xl>-OH ^ 





-OH 


=0 


ELECTROLYSIS OF SALTS 

The electrolysis of the salts of organic acids affords a suitable 
method for making a variety of condensation products. The 
metal is removed at the cathode, and carbon dioxide is evolved 
at the anode. Sodium acetate yields ethane : 

2 CHsCOONa :?=± 2 GH3COO + 2 Na ; 

2 CH3CO5 - 2 e — CHa ■ CHs + 2 CO2 ;* 

At the anode 

2 Na + 2 e + 2 H 2 O — > 2 NaOH -f Hg. 

At the cathode 

If malonic acid is half neutralized with potassium hydroxide 
and half esterified, and then electrolyzed, the chief products 
formed are succinic ester and carbon dioxide : 


COOK 

I 

CHo 


coo~ 

1 

CH 2 + K+; 


COOR 


COOR 


coo- 

ioOR 


2 e — ^ 2 CO2 ~ 1 ~ 


COOR 

I 

CH2 

1 

CH2 

! 

COOR 


2 K+ + 2 e -f- 2 H 2 O -->■ 2 KOH H- Ho. 

The formation of a ketone by distilling a salt of a carboxylic 
acid is another type of condensation through loss of carbon 
dioxide (see pages 68 and 245). 

* The symbol e is used to represent a unit negative charge, that is, one electron. 
Each negative ion delivers an electron to the anode, then breaks up into CO2 and 
CH.'i. Each sodium ion receives an electron from the cathode. It thus becomes an or- 
dinary neutral sodium atom. It immediately decomposes water, liberating hydrogen. 
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THE WURTZ SYNTHESIS 

Metallic sodium or sodium amalgam may be used to remove 
halogens and effect condensation of the resulting radicals. 
Wurtz used the reaction to build up the homologues of methane : 

2 C 2 H 5 I + 2 Na ■— > C 2 H 5 • C 2 H 5 + 2 Nal. 

Fittig applied the same method to the synthesis of aromatic 
hydrocarbons: 

2 CsHsBr + 2 Na — > CeHs • CeHs + 2 NaBr. 

Aliphatic side chains may be introduced into aromatic nuclei 
by using a mixture of aromatic and aliphatic halides : 

CeHsBr + CaHsBr + 2 Na ■— >- CoHs ■ CsHs + 2 NaBr. 

Mixed products are formed, however, when two or more halides 
are present, for there are equal opportunities for the formation 
of at least three different compounds. In the example given 
above ethylbenzene, biphenyl, and butane would be formed. 

Other metals may be used as condensing agents. Finely 
divided copper (molecular copper), prepared from copper sul- 
fate by reduction with zinc,'" removes the halogen atoms from 
chloroacetic ester and bromobenzene, fonning phenylacetic 
ester; the temperature required is 180® to 200 ® : 

CeHsBr + CIGH 2 COGR + 2 Cu 

CeHsCHoCOOR + CuCl + CuBr. 

At 280® copper removes iodine from phenyl iodide, forming 
biphenyl: 

2 CeHsI + 2 Gu CeHs /CeHs + 2 CuI4 

Molecular silver f was used by Gomberg and his coworkers 
in the preparation of triarylmethyls (p. 266), and silver powder 
was used by Wislicenus in the preparation of adipic acid from 
jS-iodopropionic acid : 

ICH 2 • CHs • COOH CHo ■ CH. • COOH 

+ 2Ag- — -y j +2 Agl. 

ICH 2 • CH 2 • COOH CH. - CHo • COOH 

* Gattcrmann, Ber., 23. 1219 (1890). 
t Gomberg and Cone, Ber., 39, 3274 (1906), 
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The use of a halogen to remove a metal is equally successful. 
Iodine acts upon sodioacetoacetic ester, forming diethyldiacetyl 
succinate (p. 426), and sodiomalonic ester responds in the same 
way, yielding ethane tetracarboxylic ester, a stable crystalline 
compound, which on hydrolysis decomposes into carbon dioxide 
and succinic acid : 


COOR 

I 

2NaGH + Is 

! 

COOR 


/ 


COOR 


4H.,0 
^ 


CH\ 

I \COOR 
1 /COOR 
CH< 

\COOR 

/COOH 

CH\ 

I yCOOE- ^ 

CH< 

\COOH 


CHa • COOH 

-j- 2CO2. 

CHs-COOH 


THE ALDOL CONDENSATION 

The aldol condensation is a reaction of aldehydes and ketones 
in which a bond is established between the oj-carbon atom of 
one molecule and the carbonyl group of another. It is exempli- 
fied by the behavior of acetaldehyde in solution with potassium 
carbonate or sodium ethylate : 

CHs— CHO + CH3--CHO — ^ CHa— CHOH— CHs—CHO. 

Acetaldehyde Aldol 

The reagents that induce this change are alkali carbonates, 
sodium or potassium ethylate, dilute solutions of inorganic hy- 
droxides, hydrochloric acid, and, in some cases, zinc chloride, 
sulfuric acid, or acetic anhydride. In many cases zinc chloride 
and the acids carry the reaction beyond the aldol stage by the 
removal of a molecule of water. The reaction is then referred 
to as the crotonaldehyde condensation. 

CH3-CH0H-^CH2-CH0 CH8—GH==GH~CH0 -f H2O. 

Aldol Crotonaldehyde 

(A»-butenal) 

Acetone^ saturated with hydrogen chloride and allowed to 
stand for some time, yields mesityl oxide and phorone: 
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\cO + CHs— CO— CHs 

Acetone 


CHs. 

■s- >C«CH— CO— CH3 + H2O. 

CHa^ 


SVIcMityi o.vidc 
(!).p. 130’) 


CH;k CHs. 

>C-UH-C0~CH3 + >CO 
CH3/ CH.r'' 

Mtisifcyl oxide Acetone 




CHs. /CHs 

>C--=CH— CO— CH-CU + PI2O, 

CH3/ ^CHs 

Phorono 


Benzaldehyde and acetone combine when boiled with a 10 
per cent aqueous solution of sodium hydroxide. In tliis case 
the aldol condensation is followed by dehyiiratlon even in the 
presence of dilute alkali : 

CoHo— CHO + CHs— CO- CHs 

Benzaldehyde Acetone 

C«Hd— CH--CH-CO— CHs + H2O. 

iienzalaet'tonc 


When o-nitrobenzaldehyde is used in this reaction, the aldol 
can be isolated. It is easily converted into the unsaturated 
compound by treatment with hot acetic anhydride, f 


THE BENZOIN CONDENSATION 

When an alcoholic solution of benzaldehyde is warmed with 
a small quantity of potassium cyanide, it is converted almost 
quantitatively into benzoin : 

2 C0H5 ’ GHO CgHs • CHOH • CO • C0H5. 

The action of the cyanide ion is specific. No other catalyst 
for this reaction has been found. The benzoin condensation 
is accomplished in alkaline solution only. Free hydrocyanic 
acid does not furnish a sufficient concentration of cyanide ions. 
The reaction differs fundamentally from the aldol condensation, 


* Claisen, Ber., 14, 2471 (1881). f Baeyer'and Drewsen, Ber., 15, 2857 (1882). 
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for it is a reaction between aldehyde groups exclusively. In the 
aldol condensation hydrogen migrates from the a-carbon atom 
of one molecule to the aldehyde group of another. In aromatic 
aldehydes, and in tertiary aliphatic aldehydes, no hydrogen is 
present on the a-carbon atom, and the aldol type of condensation 
cannot occur. 

THE CANNIZZARO REACTION 

In the absence of cyanide ions aromatic aldehydes and ter- 
tiary aliphatic aldehydes undergo the Cannizzaro reaction when 
shaken with a concentrated solution of sodium hydroxide or 
potassium hydroxide. The reaction consists of an oxidation of 
half of the aldehyde molecules to the corresponding acid and 
simultaneous reduction of the other half to the alcohol stage. 
An ester is formed as an intermediate product. The mechan- 
ism by which the ester is formed is not definitely known. 
It appears as a condensation product of aldehyde molecules 
in alkaline solution, but its hydrolysis products, the free acid 
and alcohol, regenerate the ester only in acid solution. The 
Cannizzaro reaction may be represented as follows: 

CgHsCHO -f CeHsCHO (KOH) — ^ CeHsCOOCHaCeHs ; 
CePIsCOOCHaCoHs + KOH — > CeHsCOOK 4- CeHsCHsOH. 

All aldehydes are susceptible to the benzoin condensation 
and the Cannizzaro reaction, but the aldol condensation is a 
faster reaction than either of these, and therefore an aldol is 
formed when an aldehyde having hydrogen attached to an 
oj-carbon atom is treated with an alkali. 

THE PERKIN REACTION 

Perkin prepared cinnamic acid by heating a mixture of ben- 
zaldehyde, acetic anhydride, and sodium acetate.* The reac- 
tion may be interpreted as a direct condensation between the 
acid anhydride and the aromatic aldehyde : 

CH 3 CO CgPIs • GHOH . CH 2 • CO 
2 CaHsCHO + \ 0 — ^ 

CHsdO CaHs ■ CHOH ■ CHs • CO 

Benzaldehyde Acetic ^-Phenylhydracrylie anhydride 

anhydride 

William H. Perkin, Tra?is. Chem. Soc„ 31, 389 (1877). 
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Through the loss of water the condensation product yields 
cinnamic anhydride; 

CeHs • GHOH • CH2 • CO CoHs • CH : CH • CO 

t > 0 — > ')’0 + 2 H 20 . 

CsHs • CHOH ■ CHa ■ CO CeHs ■ CH ; CH - 60 

/3-Phenylhydracrylic anhydride Cinnamic anhydride 

On hydrolysis the cinnamic anhydride yields cinnamic acid, 
C0H5 ■ CH : CH • COOH. 

Fittig* presented a different mechanism, based upon the as- 
sumption that it is the sodium salt and not the anhydride of the 
acid which combines with the aldehyde : 


CoHo • CHO + CHa • COONa — > CeHs • CHOH • CH 2 • COONa. 

Acetic anhydride was regarded as a dehydrating agent able to 
convert the condensation product into a salt of cinnamic acid : 

CgHs • CHOH • CH 2 • COONa 

— »■ CgIU • CH : CH • COONa + H 2 O. 

The net result may be indicated by a single equation : 


CgHs • CHO + CHs ■ COONa 


CgHg . CH : CH • COONa + H 2 O. 


CHs 

I 

C6H5-CHOH~~C-COONa 


In 

1, Benzaldehyde condenses with sodium isobutyrate in the 
presence of acetic anhydride, forming a salt of phenylhydroxy- 
pivalic acid : 

r' 

CeHs— CHO+H-^—COONa 

I 

CHa CHa 

The reaction stops at this point, for water cannot be eliminated 
as it is in the case cited above. 

2. Benzaldehyde, sodium propionate, and acetic anhydride, 
when heated to 100°, yield phenylmethylacryhc acid ; 

CgHo— CHO + CH 3 — CHs— COONa + (CHsGOsO 

— > CHs— C— COONa + 2 CHyCOOH. 

t! 

CH--C0H5 

* Fittig, Ann., 216, 115 (1882). 
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The evidence is not conclusive, however, for cinnamic acid is 
not formed under any circumstances at 100°, and if the mixture 
of benzaldehyde, sodium propionate, and acetic anhydride be 
heated to 180°, cinnamic acid is the principal product. It is 
obvious that in any system containing a salt of one acid and 
the anhydride of another, double decompositions may furnish 
the anhydride or the salt of either acid. There is still some 
uncertainty concerning the mechanism of Perkin’s synthesis. 

In the place of benzaldehyde we may substitute its homo- 
logues or the halogen, nitro, or hydroxy derivatives of them. 
Likewise, in place of acetic acid we may use the anhydride and 
salt of any other fatty acid, or the corresponding derivatives 
of dibasic acids, or even the aromatic derivatives of the mono- 
basic and dibasic acids.* 

Benzaldehyde, succinic anhydride, and sodium succinate 
yield a phenyl derivative of vinylacetic acid : 

CeHsCHO + H 2 C . COOH > CeHs • CH : C • COOH 

I I 

HsG-COOH eH2-COOH 

— ^ CeHs • CH : CH • CH 2 - COOH + CO 2 . 

Saturated acids are easily derived from these products. If 
the double bond is between the a-carbon atom and the /3-carbon 
atom, as in cinnamic acid, the addition of a halogen acid results 
in the formation of a /S-halogen compound : 

C0H5 • CH : CH • COOH + HBr 

GcHs • CHBr • CH2 • COOH. 

With hypobromous acid, an a-halogen derivative is formed : 

CeHs • CH : CH • COOH + HOBr 

— ^ CeHs • CHOH • CHBr • COOH. 

Sodium amalgam, in water or alcohol, introduces two hydro- 
gen atoms; potassium permanganate, two hydroxyl groups; 
chlorine and bromine form addition products. It is obvious, 
therefore, that indirectly Perkin’s reaction is useful as a means 
of making saturated as well as unsaturated compounds. 

For the mechanism of similar reactions see Kohler and Corson, J. Am. Chem. 
Soc., 45, 1975 (1923). Kohler and Allen, J. ; Am. 46, 0 
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GABRIEL’S SYNTHESIS 

A very useful reaction for the preparation of primary amines 
has been developed by Gabriel/^ It consists in the treatment 


alkyl halide are heated in a sealed tube at 160 “~ 200 °, from two 
to five hours : 


CO\ 

^^>NK + C2H3Br 


CO\ 

PNGaHs + KBr. 

CO'' 


The reaction mixture is extracted with hot water to remove 
the potassium bromide and any excess of potassium phthali- 
mide, and the condensation product is then hydrolyzed by 
boiliriff it with an acid : 


CO\ 2H2O /\COOH ^ 


A better yield is obtained by preliminary treatment with sodium 
hydroxide solution, which half hydrolyzes the compound. Sub- 
sequent completion of the process is then accomplished through 
the agency of hydrochloric acid : 


)co>nc.h. 

COONa 
CO ' NHC2H5 


H2O /\ 

(NaOH) /ACOONa 


teO-NHC 2 H 5 


iCOOH 

’COGH 


-f- C2H5NH2. 


Valuable applications of the reaction were made by Sorensen f 
and by Fischer f in synthesizing amino acids. 

* Gabriel and Hondess, Ber., SO, 2869 (1887). Gabriel, Ber.. 47, 3035 (1914) ; 
ibid., 51, 1493, 1500 (1918). 

t Sorensen, Ber., 41, 3387 (1908). % Fischer, Ber., 34, 454, 2900 (1901). 


i'i 


t Fischer, Ber., 34, 454, 2900 (1901). 
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Chloroacetic ester and potassium phthalimide may be used 
in the preparation of glycine : 

Q^®^NK+ Cl • CH 2 ■ COOE COOR. 

0^®)>N ■ CHs ■ COOR + 3 H 2 O 

0 COOH 

+ H 2 N ■ CH 2 • COOH + ROH. 

COOH 

The Qi-amino acids may be made from malonic ester by an 
application of Gabriel’s reaction. In order to prepare an acid 
corresponding to the formula R — CHNH 2 — COOH the radical 
R is substituted for one of the hydrogen atoms of malonic ester 
by treating the ester with sodium ethylate and an alkyl halide. 


COOR 


COOR 


COOR 


C2H50Na d RX 

^ CHNa CHR 


COOR 


COOR 


COOR 


The substituted malonic ester is then converted into the 
amino acid as indicated below: 


COOR 


COOR 


R—C— H + Bra 

-I:.':,:.-' 

COOR 
COOR 

I . . 

R— C— Br+ KN<^^^^C6H4 
COOR 


R— C— Br + HBr; 

I 

COOR 


( 1 ) 




COOR 

I /COv 

r_C~N< >C6H4 + KBr ; (2) 


COOR 
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COOR 
1 /CO. 

N< ^ >C6H4 + 4 H 2 O 


COOR 


COOH 

i 

r„C—NH2 + C6H4(C00H)2 + 2 ROH 


COOH 

COOH 
I }l03, (’ 

K— C— NHo — 5 - R— CHNHa— COOH + CO 3 . 

I 

COOH 


( 3 ) 


(4) 


ACETOACETIC ESTER 

Acetoacetic ester is one of the most useful reagents available 
for the synthetic processes of organic chemistry. It is, at the 
same time, an interesting compound from the standpoint of 
molecular structure. Its configuration was the subject of de- 
bate for more than a quarter of a century, and the final solu- 
tion of the problem established a t>T)e of isomeiism now called 
tautomerism. The compound corresponds to two structures: 

0 

I! 

CHs—C—CHa—COOCsHs 


and i 

CHs— C==CH— COOC 2 H 5 

The first, or keto, structure represents the compound as a 
ketone ; the second, known as the enol stracture, represents 
it as an unsaturated alcohol. Acetoacetic ester as ordinarily 
prepared contains molecules of both types in equilibrium with 
each other. If a reagent which reacts with the enol form only 
is added to a solution of the ester, the equilibrium is disturbed 
as the enol is removed, and the keto form is progressively 
changed to the enol by an intramolecular rearrangement, one 
hj'-drogen atom shifting its position from carbon to oxygen. 
The entire quantity, therefore, acts as if it were an enol. 
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On the other hand, if a reagent is used that removes the keto 
form, the shift occurs in the opposite direction, and the entire 
sample behaves as if it were a ketone. 

The ester is a colorless liquid (b.p. 181°, sp. gr. 1.028), spar- 
ingly soluble in water. With ferric chloride it gives a violet-red 
color due to the presence of a hydroxyl group on a carbon 
atom which is iinlced by two bonds to another carbon atom. 
Metallic sodium reacts with the enol form of acetoacetic ester, 
liberating hydrogen and forming sodioacetoacetic ester, 

ONa 


GHs—G^-CH-COOCsHs. 

Acetoacetic ester is prepared by the condensation of two 
molecules of ethyl acetate. The reaction occurs when ethyl 
acetate is warmed with sodium ethylate (or with metallic so- 
dium and a trace of alcohol). The ethylate ion, C2H50“, is a 
catalyst for this reaction. The formation of an addition product 
corresponding to the formula 

/OH 

CHg— C(-0C2H5 

\CH 2 COOC 2 H 5 


probably represents the first step in the process. The elimina- 
tion of a molecule of alcohol from this compound would result 
in the formation of acetoacetic ester. 


Claisen outlined the reaction under the assumption that an 
addition product is formed between ethyl acetate and sodium 
ethylate which, in turn, reacts with another molecule of the 


-c/ +C2HBONa 
\0G2HB 


/ONa 

CHs-CfoCsHs 

'OCaHs 


/ONa 

-CeOCaHs + CHa 

^GCsHb 


•COOC2H5 

ONa 


CH3— C====GH~C00C2H5 -h 2C2H5OH. 

That an addition product of the type indicated above is 
formed was inferred from the fact that benzyl benzoate and 
sodium methylate form an addition product which can be 

* Claisen, -Ser., 20, 646 (1887). 
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isolated and which is identical with the product formed from 
methyl benzoate and sodium benzylate : 


and 


.O 

'^OCtHt 


CtiHs-Cf + CHaONa CeHs—C^-OCHg 


/ONa 
^-OCHi, 
\OC7H7 


.,0 /ONa 

CeHn-Cf + CtHtONu — »■ CbH 5 — C^OCrHy 

\OCH3 \OCH3 


The capacity of ethyl acetate, or of any other ester, to form 
an addition product with an alcoholate cannot be doubted, 
but there is no direct proof that such an addition product is 
an actual intermediate in the formation of acetoacetic ester. 

It is generally believed now that the first step in the forma- 
tion of acetoacetic ester is a condensation of the aldol type 
occurring between two molecules of ethyl acetate. This is 
followed immediately by the elimination of a molecule of al- 
cohol. The same mechanism applies to condensations of other 
esters having hydrogen attached to the a-carbon atom. Hy- 
drogen migrates from the a-carbon atom of one molecule to 
the carbonyl oxygen of another. This migration is accompanied 
by the establishment of a bond between the a-carbon atom of 
one molecule and the carbonyl carbon atom of the other : 

R— CH2— cr -i-r-~gh 2— Cf 

^OR \0R 

OH H 


> R---GH2— C- 



OR R 

The final step in the process is the elimination of alcohol : 
OH H 

>0 

R— CH2— G- 


-G— c/ 

I ^OR 
OR R 


OH 


>0 


R— GHa— G---C— c/ + ROH. 
! \0R 


R 
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A solution of sodioacetoacetic ester in petroleum ether, 
cooled to — 60° and acidified with anhydrous hydrogen chloride, 
yields a precipitate of sodium chloride and a solution of the free 
ester. Evaporation of the solvent at a low temperature leaves 
the ester in the enol form. It is a liquid that solidifies only 
when cooled almost to the temperature of liquid air. The keto 
form crystallizes at - 39°, and can be obtained nearly pure by 
freezing it out of the ordinary mixture. 

The relative quantities of the two modifications in any mix- 
ture may be determined by a measurement of the refractive in- 
dex of the mixture. The refractive index is always higher for a 
compound having a double bond between carbon atoms than 
for an isomeric body with the double bond between carbon and 
oxygen. If the indices for the two pure forms are known, the 
composition of a mixture can be calculated from the observed 
refraction. The velocity of the approach to equilibrium from 
either side may be determined by measuring the rate of change 
in the refractive index or by following the development of color 
produced by ferric chloride as the quantity of enolic ester in- 
creases, or the fading of the color as the keto form increases. 

The compound formed when sodium acts upon acetoacetic 
ester is usually represented by the formula 

ONa 

CHs— i=CH--GOOR. 

Sodioacetoacetic ester 

It is a derivative of the enol form of the ester. In alcoholic 
solution it is extensively ionized, and we shall ordinarily repre- 
sent the negative ion by the formula 

CHs^fccH— A oR \ (1) 

although rapid oscillations of electrons between pairs of ad- 
jacent chemical bonds (resonance) would make the following 
additional forms possible ; 

0 


0 
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Similarly, we may think of the iindissociaied csle]* as a reso- 
nating molecule corresponding to the following forms : 


CHi-C-=GH-C- OR 

(1) 

0- -H - 0 

1 fi 


CHs— 6- CH -C -OR 

(2) 

0— -H - 0 


'1 1 

CH,— C— CH---C— OR 

(3) 


In formulas (2) and (3) the oxygen atoms are said to be linked 
to each other by a hydrogen bond, and a cyclic system produced 
through such bonds is called a chelate ring. 

The conversion of the keto to the enol form and vice versa is 
usually described as a shift in the ])osition of a iiydrogen atom 
between the methylene group and the carbonyl oxygen atom. 
This implies that the same hydrogen atom is moving back and 
forth between two possible positions of atiachmeni. The actual 
meclianism is a more comi)lex process than is re])resented by 
this simple picture of the reaction. 

These transitions involve the formation of iniermediate addi- 
tion products, and the hydrogen atom does not pass from one 
position to the other by a direct path. The assumption that an 
addition reaction is the first step in the pi’ccess is based upon 
the fact that the ester may be preserved in either the keto or the 
enol form if no catalyst is present. A pure sample of either form 
may be kept for many days in a clean dry quartz vessel. 
Quartz does not catalyze the change. In a glass vessel equi- 
librium between the keto and enol forms is soon established. 
Dust, moisture, an acid, an alkali, or almost any other foreign 
substance catalyzes the change. The addition product formed 
with the catalyst must involve forces that do not correspond 
exactly to normal valence bonds, for such ])()nds could hardly be 
established between the ester and such substances as glass and 
dust particles. 

An investigation of the rate of raeemization of an optically 
active derivative of aeetoaeetic acid and simultaneous measure- 
ments of the rate of enolization of the same compound show 
that enolization cannot consist of a simple reversible change of 
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keto to enol, but must proceed through some intermediate step.* 
The intermediate step in this case is probably an ionization of 
the compound followed immediately by a change in the elec- 
tronic configuration of the anion. 

Hydrolysis of acetoacetic ester. Acetoacetic ester and its homo- 
logues may be hydrolyzed in two ways: (1) When boiled with 
an acid or a dilute aqueous solution of a base, they undergo the 
ketone decomposition : jj q 

CHs— CO— CH 2 --COOR CHs— GO— CHs + CO 2 + ROH. 

(2) When boiled with a concentrated alcoholic solution of 
sodium hydroxide or potassium hydroxide, the acid decomposi- 
tion is effected : 

CHs— CO— CH 2 — COOR 

2 H2OCH3COOH + CH3COOH + ROH. 

Acetoacetic ester synthesis. Alkyl halides act upon sodio- 
acetoacetic ester replacing the metal by an alkyl radical. With 
rare exceptions, the alkyl radical introduced in this way becomes 
attached to the a-carbon atom. 


-4-NaX. 

Sodium replaces hydrogen in a monoalkyl-acetoacetic ester, 
and the metal, in turn, can be replaced by a second alkyl group. 
By these reactions and subsequent hydrolysis any methyl ketone 
or any monoalkyl or dialkyl derivative of acetic acid may be 
prepared. 

Esters having a halogen atom in the a position may be used 
instead of alkyl halides in the reactions outlined above. The 
ketonic acids are produced in this way : 

ONa 

i ■ 

CH3— C=CH— COOC2H5 + R— CHCl— COOR' 

^ ^C00C2H5 

— CHa-C— GH 

>CHR— COOR 

*R. H. Kimball, Ji Am.. 


ONaH 


CHa— 




RX II 
-COOR — > GHs— C 


0 H 


-COOR 
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By the ketone decomposition, this yields 

CH 3 --G 0 ^CH 2 -~CHR^C 00 H, CO 2 , C 2 H 5 OH, and R'OH. 

Iodine removes sodium from two molecules of sodioaceto- 
acetic ester, yielding a derivative of succinic acid and sodium 
iodide : 

ONa O 

■} ii 

GHa— C=-CH-~COOR CHa— C— CH—COOR 

+ I +2NaL 

CHa— C=CH— COOR CHs—C— CH----COOR 

i i! 

ONa 0 


When hydrolyzed by boiling with a solution of potassium car- 
bonate, this compound loses carbon dioxide and yields acetonyl- 
acetone, CH 3 — CO--CH 2 — CH 2 --CO-CH 3 . 
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Malonic ester, CH 2 CCOOC 2 H 5 ) 2 , is a colorless liquid (b.p. 
198.9“, sp. gr. 1.061 (15°/4°), m.p. — 49.8“)- It has an agree- 
able odor, dissolves readily in alcohol or ether, and is only 
slightly soluble in water. A sodium derivative of the ester can 
be obtained by treatment with metallic sodium or with sodium 
ethoxide. This derivative is hydrolyzed by water, the free 
ester being liberated as an insoluble oil. 

Malonic ester is prepared from chloroacetic acid through con- 
version to eyanoacetic acid and subsequent hydrolysis of the 
cyanide group. The eyanoacetic acid is then boiled with alcohol 
which is saturated with hydrogen chloride : 

^CN 

dHs +2C2H5OH 
\C00H 

Cyanoacctie adcl 

A tautomeric shift, resulting in the formation of an enol 
structure, is possible here as in the case of acetoacetic ester. 
A typical malonic ester synthesis is represented in the prepa- 
ration of propionic acid as follows : 


.GOOG 2 H 5 
CH2 +NHa 

\cooc2H5 


Diethylnialonati! 
(malonic cstur) 
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1 . Malonic ester 

is treated with sodium: 

OCsHb 

j 

OC2H5 

1 

OC 2 H 5 

c=o 

1 

C—OH 

11 

j 

C-ONa 

II 

CHs 

1 

it 

CH 

1 

Na 11 

— CH 

1 

c=o 

1 

C=0 

c=o 

OC 2 H 6 

j 

OC2H5 

1 

OC 2 H 5 

2. The monosodiomalonic ester, 
is warmed with methyl iodide : 

dissolved in absolute alcohol 

OC 2 H 5 

1 


OC 2 H 5 

C— ONa 

II 

1 

c=o 

II 

CH 

j 

+ CH 3 I — > 

CHs— CH +NaI. 

1 

, c==o 

1 


c=o 

OC 2 H 5 


1 

CCaHs,, ' ; . 


Steps 1 and 2 may be accomplished in one operation by boiling 
mi alcoholic solution of malonlc ester with one equivalent of 
sodium or sodium ethylate and one equivalent of an alkyl halide. 

3. The solvent is removed by evaporation, and water is added 

to dissolve the sodium iodide. The methylated malonic ester is 
extracted with ether. After evaporating off the ether the prod- 
uct is purified by fractional distillation or by any suitable 
method, then it is hydrolyzed by boiling it with an alcoholic 
solution of potassium hydroxide : i 

.COOC2H5 ^COOK 

ch3*ch +mm-^mrCE +2C2H5OH. ; 

\cOOCjH5 \C00K 

4. Methylmalonic acid is liberated by wanning the salt with | 
the calculated quantity of sulfuric acid : 

^COOK XOOH 

CH 3 • CH + H 2 SO 4 — > CHs • CH 

\cooK \COOH r'i 
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5. One carboxyl group is eliminated by heating the dicar- 
boxylic acid : 


yCOOR 

CHa-CH 

\C00H 


+ heat — i- CHj • CH. ■ COOH + CO 2 . 

Propionic acid 


Any compound having two carboxyl groups attached to the 
same carbon atom may be decomposed by heating it above 
its melting point. Cai’bon dioxide is evolved and one carboxyl 
group is replaced by hydrogen. 

There is no positive evidence that sodiomalonic ester is ac- 
curately represented by an enolic structure. The sodium atom 
may be attached to the central carbon atom and the reaction 
with an alkyl halide may be a simple double decomposition. 
The reactions outlined in paragraphs 1 and 2, page 427, are often 
written as follows : 

^COOR ^COOR 

CHo +Na— >NaCH +-|Ho. (1) 

^COOR '^COOR 


^COOR 
CHsI + NaCH 

"^COOR 


/COOR 

CHs-dH +NaI. (2) 
"^COOR 


A second alkyl group may be introduced by treating the 
monoalkyl ester with sodium and an additional alkyl halide. 


yCOOR 

CHa-CH +Na 
\C00E 

.COOR 

GHs-OTa +C2H6I 
\C00R 


.COOR 

CHs-dNa +JH 2 
\C00R 


CHs 


>c/ 


COOR 


02 ^/ '^COOR 


By hydrolyzing this compound and expelling carbon dioxide, 
we obtain methylethylacetic acid, 

CHsv 

>CH— COOH 
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Malonic ester combines with aldehydes and ketones, yielding 
unsaturated acids : 


/COOC2H5 
RCHO + H2C< 

\COOC2H3 


/COOC2H5 

RCH=C< -f H2O. 

\COOC2H5 


After hydrolyzing this product the resulting dibasic acid is 
heated to expel carbon dioxide. There remains an unsaturated 
monobasic acid, RCH==CH — COOH. 

The methylene hydrogen of malonic ester may be replaced 
by chlorine or bromine as well as by sodium. The a-halogen 
acids and a-amino acids have been synthesized by taking ad- 
vantage of this fact. The process may be followed by refer- 
ence to the following outline for the preparation of an a-halogen 
acid : 

COOC2H5 


Brs 


2H2O 

(H^ 


R-C-Br +HBr; 

1 

COOC2H5 

COOH 

1 

R_C-Br + 2 C 2 H 50 H; 

I 

COOH 


COOC2H5 

1 

R-C-H 

COOC2H5 

COOC2H5 

1 

R-C-Br 

1 

COOC2H5 

COOH 

1 

, R-C-Br 

I 

COOH 

A method for preparing amino acids from malonic ester is 
explained on page 419 . 

Ethylene bromide and malonic ester, when heated in alcohol 
with sodium ethoxide, yield cyclopropane dicarboxylic ester : 

CH 2 Br /COOR 

1 + H 2 C< -I- 2 C 2 H 60 Na 

CHsBr \COOR 


heat 


». R-CHBr-COOH + COa. 


CHa^ 


+2 C2H5OH + 2 NaBr. 

CH2/ ^COOR 


COOR 
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The ester may be hydrolyzed to produce the corresponding 
dibasic acid, and this, in turn, may be converted into a mono- 
basic acid by the application of heat. By a similar process 
cyclic derivatives of trimethylene bromide and of o-xylene di- 
bromide have been made. 

Acetoacetic ester and malonic ester are not the only reagents 
that may be used in syntheses of the types outlined above. 
All 1, 3-diketones share, to some extent, the properties of these 
esters. 


STRUCTURAL REARRANGEMENTS 

There are many types of nnimolecular reactions which result 
in the transfer of an atom or a radical from one position to 
another within the molecule. If such a structural change is 
rapidly reversible, we refer to the phenomenon as tautomerism. 
If the reaction is irreversible, we call it a rearrangement. There 
is no sharp boundary between tautomerism and rearrangement.* 

THE HOFMANN REARRANGEMENT OF ACID AMIDES 

An acid amide is converted into an isocyanate by treatment 
with a warm alkaline solution of bromine. f Since isocyanates 
are hydrolyzed rapidly by aqueous alkali, this affords a means of 
converting amides into amines. 

RCONH2 + Bra + 2 KOH — »■ RNCO + 2 KBr -h 2 H2O ; 
RNCO A 2 KOH — ^ RNHa + K2CO3. 

In the amide the radical, R, is attached to carbon. In the 
isocyanate the same radical is attached to nitrogen. Such a 
shift of a radical from one position to another wdthin a molecule 
is a typical rearrangement. By using acetamide as an example, 
the course of the rearrangement may be outlined as follows: 

The first step is the formation of a bromoamide. 

CHs— Cf + KOBr — > CH 3 -Cf /H + KOH. 

^NHa 

\Br 

The bromoamide (in this case N-bromoaeetamide) is a stable 
compound and can be isolated. The bromoamide is not ordi- 
narily isolated, for, as a rule, the desired product is an amine 
and no special care is used to stop the reaction at this stage. 

The mechanism of the second step in the process has not 
been definitely determined. It involves the elimination of HBr 

* For references to the principal papers relating to this class of reactions see 
Porter’s "Molecular Rearrangements.” Reinhoid Publishing Corporation. 

fFor experimental details see Porter, Stewart, and Branch’s "Methods of 
Organic Chemistry.” Ginn and Company. 
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from the nitrogen and a shift of the alkyl radical from carbon 
to nitrogen. A readjustment of valence bonds occurs and an 
isocyanate is formed : 


/P 

GEs~~Cf M + KOH 

\N< 

^Br 

N-Bromoacetamide 


>0 


c/ +KBr + H90 

^N— CHs 


Mothyi isocyanate 


Stieglitz advanced the theory that this reaction proceeds 
through two distinct steps : (1) The elimination of HBr from 
the bromoamide and formation of an unstable compound of 

:.>o 


univalent nitrogen having the formula CH 3 


\' 


N 


(2) The 


spontaneous rearrangement of this intermediate product. This 
theory presents a picture of the Hofmann reaction that is 
easily visualized, but the tendency now is to give up the idea of 
the existence of an intermediate compound containing univalent 
nitrogen and to assume that a bond is established between the 
alkyl radical and the nitrogen atom before the HBr molecule is 
eliminated or that the establishment of this bond and the elimi- 
nation of HBr are simultaneous events. 

Since an alkali is a necessary reagent, it is presumably a salt 
of the bromoamide that rearranges. The formula of the inter- 
mediate product may be wiitten 

R~~C—0~-K 


''-N— Br 


As the secondary valence bond between the carbon radical, R, 
and the nitrogen atom (represented by the dotted line) becomes 
stronger, the R — C bond becomes weaker; and finally a complete 
readjustment of valence electrons is accomplished. 

The final step in the process of converting an amide into an 
amine is the hydrolysis of an isocyanate. No rearrangement is 
involved in this stage of the reaction. 

CH 3 NCO + 2 EOH — > CHaNH, + K.-CXU. 


The laboratory procedure for making methylamine follows : 

To a mixture of 25 grams of acetamide and 70 grams of bromine a 2 N 
solution of sodium hydroxide is added until the red color of the mixture 
changes to a bright yellow. The mixture is then added slowly to 200 cc. of 
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6 N sodium hydroxide solution and heated to 70° C. until it becomes color- 
less. The time required for this part of the operation is usually thirty 
minutes, and during this period the temperature should not go above 75° C. 
Methylamine is obtained from the solution by distillation with steam. It is 
collected in 6 N hydrochloric acid. After evaporation to dryness the methyl- 
amine hydrochloride is extracted from the solid residue with hot absolute 
alcohol. Free methylamine is obtained from the hydrochloride by treatment 
with a base. 

Aromatic acid amides, as well as the aliphatic amides, are 
susceptible to the Hofmann rearrangement. Important papers 
relating to the reaction are listed below.* 
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The hydroxamic acids are crystalline solids. They are pre- 
pared from esters, acid anhydrides, acid chlorides, or amides in 
inert solvents by treatment with hydroxylamine.f 


R— Cf + H 2 NOH 

^OR 


^0 

+ H 2 NOH 

\NH2 


+ H 2 NOH 

\ci 


R—Ce M 
\N< 
\OH 

R—C/^ H 
\N< 
\0H 

R__CC /H 
\N< 

\0H 


+ ROH 

-H NHs 

-1- HCl 


When acid chlorides, or acid anhydrides, are used in excess, 
the products formed are esters which exist in tautomeric forms 
corresponding to the formulas 

^0 /OH 

R__ef M and R— C< 

\n< ^NOCOR 

^OCOR 

These esters, as well as the free hydroxamic acids, form salts 
when treated with bases. 

* Hofmann, Ber,,15 , 407 (1882). Whitmore, J. Am.Chem. Soc.,54, 3274 (1932). 
Schroeter, Z?er., 43, 2336 (1909). Stieglit 2 l, Proc. IVaf. Acad. ScL. 1, 196 (1915). 
Ingoki and Smith, CActw. Soc., 1931, 2752. 

t Lessen, Ann., 252, 170 (18S9) ; ibid., 281, 169 (1894). 
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Lossen observed that when the acetyl derivative of benzhy- 
droxamic acid is warmed with a base, phenyl isocyanate is 
produced. 

This result can be achieved only through a rearrangement in 
which the phenyl group becomes detached from a carbon atom 
and attached to the adjacent nitrogen atom. Using potassium 
hydroxide as the base in this reaction, we may assume the im- 
mediate formation of a salt corresponding to one or both of the 
following formulas : 


C6H5-C^(^ 


0 

N. 


•K 

•OCOCH3 


CoHr 


'^NOCOCH. 


The salt decomposes, yielding phenyl isocyanate and potassium 
acetate. 


CeHo-C/^ 

\n 


dC 

‘OCOCH3 


Cc,H 5 -N=-C ==0 + CH3COOK. 


Salts of this type undergo the rearrangement very readily. 
Some of them, even when dry and in the solid state, decompose 
with explosive violence; and the products obtained under these 
conditions prove that the usual migration of an alkyl or aryl 
radical from carbon to nitrogen has occurred. 

The free hydroxamic acids rearrange in the same way when 
heated alone or with dehydrating agents. 

RNCO+H2O. 


Formhydroxamic acid (m.p. 82°), corresponding to one of the 
following structures. 


.0 


R— C/ /H 

\n< 

\0H 


H~c/ 


0 


H 

OH 


or 


/OH 


explodes when heated to a temperature above its melting point, 
yielding carbon monoxide and hydroxylamine ; but in aqueous 
alkaline solution it undergoes the rearrangement, yielding water, 
carbon dioxide, and ammonia. 
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THE STIEGLITZ REARRANGEMENT 

In order to test the theory that rearrangement follows the 
production of a radical containing univalent nitrogen, Stieglitz 
studied compounds of the following types : 

(1) (CeHslsCNHOH (3) (C6H5)3CNCl2 

(2) (CsHslsCNHBr (4) (CoH5)3CNN2 

The radical (C 6 H 5 ) 3 CN would be formed from (1) by loss 
of water, from (2) by loss of hydrogen bromide, from (3) by 
loss of chlorine, and from (4) by loss of nitrogen. In each case 
it was anticipated that one of the phenyl groups would migrate 
from carbon to nitrogen, forming benzophenone phenylimide, 
(C 6 H 5 ) 2 C=N — C 0 H 5 . This result was achieved in every in- 
stance. Water was removed from (1) by a dehydrating agent. 
Hydrogen bromide was removed from (2) by an alkali. Heat 
alone caused the rearrangement of (3) and of (4). 


C^Hs'- 

CeHs- 




H 

OH 


GeHs-' 

Triplieaylmethylliydioxylamine 


CeHsv 

CgHs 


/H 

)C~N< 

/ ^Br 

CeHr/ 

Tripheiiylmethylbromoamme 


GgHsv 

\C=N— CeHs + HsO. (1) 

GgHs/ 


GoHsv 

NC^N—CeHs + HBr. (2) 
GeHs-^ 




/ 


Cl 


CeHs 

CgHs 


CcsHe 

TriphenylmethyldichloroaHiine 

CeH6-Nc— NN2 - 


'\g=N— C eHs + Ck. (3) 


CeHs 

CeH, 


\C=N— CsHs + Na. (4) 


CfiHs' 

Triphenylmethylazide 

The results in this series of experiments gave strong support 
to the Stieglitz assumption that a compound containing uni- 
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valent nitrogen is an intermediate product in all rearrangements 
of this type. This theory has not been definitely disproved, but 
it is no longer regarded as a thoroughly satisfactory represen- 
tation of the processes involved in the rearrangements of 
amides, azides, and hydroxamic acids. Some of these reactions 
have been under investigation for many years. The conditions 
under which the transformations can be brought about have 
been determined experimentally, and the molecular structures 
of the reacting compounds and of the final products have been 
established with certainty ; but the exact mechanisms through 
which these structimal modifications are accomplished remain 
obscure. 

The formula shown above for triphenylmethylazide does not 
indicate the structure of the molecule. There is evidence (based 
upon X-ray photographs of crystalline azides) that the three 
nitrogen atoms are in line. Triphenylmethylazide is a resonat- 
ing compound. The following electronic distributions repre- 
sent possible structures : 

CeHsv .. 4- - + 

CoHs^C : N : : N : : N: and CrH.Ac : N : N : : : N : 

CoHj/ CoH,/ •• 

THE CURTIirS REAESANGEMENT 

The rearrangement of acid azides to isocyanates was dis- 
covered by Curtius.* The reaction is caused by heat alone, 
and is represented by the equation 

> rncoh-nu. 

\N3 

The acid azides are prepared from acid chlorides in inert 
solvents by the action of sodium azide, f If the mixture is 

* Gurtms, J. prakt. Ckcm., (2) 63, 428 (1901). Curtius and Darapsky, Bcr., 35, 
3229 (1902). 

f Sodium azide, a colorless crystalline salt, is made by passing nitrous oxide over 
sodium amide: 

NaNHa + NsO NaN;i + HyO. 

Pure liydrazoie acid, HNs, is unstable. It decomposes into hydrf)KPn and nitro- 
gen. A dilute solution of the acid may be obtained by the action of nitrous acid 
on hydrazine hydrate : 

N 2 H 4 - HsO + HNGa — HNs + 3 HsO. 
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warmed, an isocyanate can be obtained without the necessity 
of isolating the intermediate acyl azide/" 

Benzazide, when heated alone at 80^, decomposes explosively, 
but when dissolved in dry benzene or toluene and warmed on a 
water bath, it yields nitrogen quietly and at a measurable rate. 


OcONa 

<^^^NCO + Na 

Jones and Wallis found 

it possible, through the Gurtius 

rearrangement, to transfer an asymmetric radical from carbon 
to nitrogen without racemization.t Optically active d-benzyl- 
methyl-acetazide was dissolved in benzene and warmed to 35°. 
Nitrogen escaped and an active isocyanate was obtained. 

C7H7 

j 

C7H7 

1 

H— C--CH3 - 

1 

-> H— G—CHs +N 2 

1 

^Na 

0 

II 

0 

li 

-'iz, 

d-Benzylmethyl- 

aeetazide 

d-Benzylmethyl- 
methyl isocyanate 


This remarkable result stands as substantial evidence that the 
asymmetric carbon atom had become attached to the nitrogen 
atom before the carbon to carbon bond was broken. It is highly 
probable that a free asymmetric radical would racemize at 
once.l 

THE BECKMANN REARRANGEMENT 

Beckmann replaced the hydroxyl group in benzophenone 
oxime with chlorine through the agency of phosphorus penta- 
chloride, and the chlorine was in turn replaced by hydroxyl 
through the action of an alcoholic solution of sodium hydroxide. § 

* Methyl isocya.nate is made hy adding acetyl chloride to a cold amyl ether solu- 
tion of sodium azide. The solution is then warmed to 60° or 70° until no more 
nitrogen is evolved. The yield of methyl isocyanate is almost quantitative. 

t Jones and Wallis, E. S., J. Am. Chem. Soc., 48. 169 (1926). 

Wallis, E. S., J. Am. Chem. Soc., 51, 2982 (1929), and Proc. Nat. Acad. ScL, IQ, 
215 (193(1). 

t This is a controversial matter. The author is e.tpressing a personal opinion. 
The Jones and Wallis experiment is interpreted by the majority of chemists as 
evidence of stability in free radicals. It is assumed that free radicals are stabilized 
by forming addition products with various solvents or by ionization. 

§ Beckmann, i?er., 19, 988 (1886) ; ibid,, 20, 2580 (1887) ; ibid., 27, 300 (1894). 
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The resulting product was not the original benzophenone oxime 
but an isomeric compound — benzanilide — identical with the 
product obtained by the action of benzoyl chloride on aniline. 
Beckmann assumed that the alteration in structure was ac- 
complished by an exchange of positions between the atoms or 
groups attached to carbon and nitrogen, and he outlined the 
mechanism of the change as follows : 

CeHs— C— CsHs PClr, CoHs— C—CeHa rearrangement 

II ^ II — 

N-OH N— Cl 


Benzoplienone oxime 
I 


II 


CeHa—C— Cl NaOH CeHa—C— OH 
N— C,Hs (CsHsOi^ N—CsHs 

III IV 

hydrogen CfiHf,-— C=0 
shift I 

^ NHCsHa 

Benzanilide 

V 

His theory concerning the course of the reaction was not 
confirmed by experimental evidence, but there remained no 
doubt about the fact that through the action of the reagents 
mentioned the compound of formula I was converted into the 
substance represented by formula V. 

Unsymmetrical ketones yield isomeric oximes, Phenyltolyl- 
ketone, for example, reacts with hydroxylamine, yielding two 
oximes which are represented by the following formulas : 

C6H5-C-CGH4CH3 and CgHs-C-CgHiCHs. 


NOH 


HON 


Each of these oximes undergoes the Beckmann rearrangement 
when treated with phosphorus pentachloride or acetic anhydride 
and hydrogen chloride. The product obtained from one of the 
oximes is the anilide of toluie acid, 

CHaCoHiCf yH 


CgHs 

The formation of this compound is accomplished through a 
shift of the phenyl group, CeHs, from carbon to nitrogen. 
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The product derived from the other oxime is benzotoluidide, 

CeHsCf yM 
\Nf 

\C6H4CH3 

This compound is formed through the migration of the tolyl 
group, C 6 H 4 CHS, from carbon to nitrogen. 

In 1891 Hantzsch reached the conclusion that the exchange 
of places between the hydroxyl group and a carbon radical in an 
oxime must occui’ between groups that are on the same side of 
the double bond. He recommended the use of the Beckmann 
rearrangement as a means of determining the structure of the 
isomeric oximes, assuming in each case that the exchange of 
positions occm-s between groups on the same side of the oxime 
molecule — a m-inter change.* 

Over a period of more than thirty years this theory was ap- 
plied and structural formulas were assigned accordingly to all 
known oximes, the formulas being determined by identifying 
the reaiTanged products and assuming cis-interchange. 

Between 1921 and 1930 Meisenheimer described experiments 
which proved the possibility of interchange between the hy- 
droxyl group of an oxime and a carbon radical on the opposite 
side of the molecule — ^raws-interchange.t Meisenheimer pre- 
pared triphenylisoxazole, a cyclic compound corresponding to 
the formula 

CgHb—C C-CoHo 

N— O-C-C 0 H 5 

Triphenylisoxazole 

The structure of this compound had been definitely established 
by synthetic methods. Triphenylisoxazole was oxidized by 
ozone, and the product was identified as benzoylbenziimonoxime. 

CoHs—C CO— CoHr, 

N— 0— CO— CsHs 

Benzoylbenziimonoxime 

*A. Hantzsch, Ber„ 24, 13 (1891). 

t Jakob Meisenheimer, Ber., 54, 3206 (1921). Jakob Meisenheimer and Walter 
Lamparter, Ber., 67, 276 (1924). Jakob Meisenheimer and Helmut Meis, Ber., 57, 
289 (1924). 
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On hydrolysis this yields benzoic acid and a monoxime of benzii. 
CoHs— C-CO-CoHs 


N— OH 

Bensilmonoxime 


In this oxime of benzii the hydroxyl gi’oup and the benzoyl 
group, — CO — CgHs, must be on the same side of the molecule, 
for they were members of the original isoxazoie ring; yet when 
this oxime undergoes the Beckmann rearrangement it is the 
phenyl group, and not the benzoyl group, that becomes attached 
to the nitrogen atom. 

Many investigations have been made in recent years to 
determine the course of the Beckmann reaction, and nearly every 
experiment has led to results in harmony with the Meisenheimer 
theory- On account of the capacity of many oximes to isomerize 
(that is, the cfs-form to change to the trans-form and vice versa) 
when brought in contact with certain reagents or when heated, 
many experimental results cannot be interpreted with certainty. 

It seems probable that the first step in the Beckmann 
rearrangement is the formation of weak bonds (secondary or 
partial valence bonds) between the atoms involved in the 
structural change that ultimately occurs. In an environment 
that supplies the necessary energy these weak bonds become 
stronger and the original linkages become weaker until an 
actual change in atomic linkages has been achieved. Represent;- 
ing the newly established bonds by dotted lines, the process may 
be outlined as follows: 


Ri 


— C- 

xlr- 


-Ra 

-OH 


/R2 

C<( 

II ^OH 
-N h 


II '^OH i 

Ri—N ■ . Ri— NH ■ 

Mixed aliphatic-aromatic ketones do not yield isomeric 
oximes. To account for this it is assumed that the first step in 
oxime formation is an addition reaction between the ketone and 
hydroxylamine : ^ 


R— CO--Ar + H 2 NOH 


R— i~-Ar 

H— N— OH 


The radicals E and Ar may then orient the H — N — OPI 
group in such a way as to insure the elimination of water in 
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one way only. When such an oxime is subjected to the action 
of acetic anhydride and hydrogen chloride, it is the aromatic 
radical that migrates. Acetophenone oxime yields acetanilide : 


CHa— C— CeHs 

II 

HON 


CHa— CO 

iSiHCbHs 


It is not always possible to isolate both forms of an oxime even 
when the two carbon radicals are aliphatic or when both are 
aromatic in character. 

Many aldoximes exist in two forms, and in assigning structural 
formulas to these compounds we have depended primarily upon 
the fact that the acetyl derivative of one member of the pair of 
geometrical isomers, when warmed with an alkali, readily loses 
acetic acid, giving rise to a nitrile, whereas the acetyl derivative 
of the other is hydrolyzed to the original oxime. In assigning 
structural formulas to aldoximes the assumption has been made 
that the elimination of water from the oxime can be accom- 
plished only when the hydrogen atom and the hydroxyl gimip 
are on the same side of the molecule, and that acetic acid can be 
removed from the acetyl derivative of an aldoxime only when 
the hydrogen atom and the acetyl group are on the same side 
of the molecule. This assumption now appears to be exactly 
contrary to the truth. It is quite certain that nitriles are 
formed by a Jraws-elimination of water from an aldoxime and 
by a ^ra^is-elimination of acetic acid from the acetyl derivative 
of an aldoxime. 


THE PINACOL REARRANGEMENT 


Di tertiary alcohols, known also as pinacols, are obtained from 
ketones by reduction. Tetramethyl glycol is the principal 
product obtained when acetone is reduced by mercuric chloride 
and magnesium in benzene. When this pinacol is heated with 
sulfuric acid it is converted into an unsymmetri cal ketone called 
pinacolone. * This reaction is known as the pinacol rearrangement. 


OH OH 



Hnacol 


CHs-GC-CO-CH:} + H3O 

Pinacolone > 


* Pinacol and pinacolone were formerly called pinacone and pinacoline re- 
spectively. 
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Tiffeiieau * assumes that dehydration is the first step in the 
process, the intermediate product being an unstable, unsatu- 
rated body, represented by the formula 


0 



The second step, he maintains, is the migration of a methyl 
group from the carbon which retains an oxygen atom to the 
adjacent carbon. 

Many other theories relating to the mechanism of this reac- 
tion have been advanced. The course of the rearrangement 
has engaged the attention of chemists for many years, and 
excellent experimental work has been done in this field. The 
problem, however, remains unsolved. In the papers listed below 
the principal theories are elucidated.! 

In a symmetrical ditertiary alcohol, such as tetramethyl 
pinacol, either of the two hydroxyl gi’oups may be eliminated in 
the formation of water. The groups are similarly placed, and 
the result is the same if one or the other of the oxygen atoms 
remains in the molecule. In unsymmetrical pinaeols the nature 
of the rearrangements is not independent of the way in which 
the water molecule is formed. When, for example, a,«-dimethyl- 
jS,d-diethyl-glycol is warmed with sulfuric acid, water may be 
eliminated in either of two ways as indicated below. 


0 



If the elimination occurs as shown In structure I, an ethyl group 
must migrate with the production of the ketone 


CH3-)C- 

CaHs/ 




* Tiffeneuu, Am. cldm. ct -phyfi., 10 (series 8), 322 (1907). 
t Montagne, Rec. trav. chim., 24, 105 (1905), Michael, J. Am. Chan. Soc., 42, 
787 (1920). Lachman, Am. Chem. Soc., 44, 330 (3922). Tiffeneau and Orekhoff, 
Bull. soc. chim., 33, 195 (1923). Danilow, Ber., 2390 (1927). Bennett and Chapman 
(bibliography), Annual Reports Chemical Society (London), 27, 115 (1930). 
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If, on the other hand, the intermediate 11 were formed, a 
methyl group would shift, forming 

CHs-Cf /C2H5 

^CHs 


When the groups are very much alike (as in this case CH?, and 
C2H5), a mixture of the two possible ketones is produced ; but 
when the groups attached to the two glycol carbon atoms are 
very different in character, only one ketone is formed. This indi- 
cates clearly that the radicals attached to the glycol carbon 
atoms determine which of the two hydroxyl groups must be re- 
moved in the formation of water and which oxj^gen atom shall 
remain to become a part of the carbonyl group in the ketone. 

Ingold lists three factors that determine the course of a re- 
arrangement of this type: (1) the relative stabilities of the 
potential anion, (2) the dielectric constant (ionizing power) of 
the medium, (3) the capacities of the attached radicals to release 
electrons.* In the pinacol change the first two factors are of 
little importance, for (1) the potential anions are identical 
(hydroxyl groups) and (2) the two isomeric forms would be 
equally affected by the medium. The determining factor is, 
therefore, the " electron release capacity” of the carbon radicals 
attached to the glycol carbon atoms. The groups having the 
greater tendency to release electrons will cause the hydroxyl 
group which is attached to the same carbon atom to ionize. In 
other words, the hydroxyl group which is lost in the pinacol re- 
arrangement is the one attached to the carbon atom which is 
holding the radical that most readily releases electrons. It is 
assumed, for example, that the phenyl radical releases elec- 
trons more readily than does a methyl radical, and accordingly 
a,a-dimethyl-jd,jd-diphenyl-glycol should yield, on rearrange- 
ment, 3, 3-diphenyl-2-butanone. 

GHs— /GeHs / t 

^CfGoHs 

XCHa 

*C. K. Ingold and C. W. Shoppee. J, Chertl. Sod., 1928, 365. C. K. IngoJd,- 
Annual Reports Ckem. Soc., 25, 134 (1928). J. W. Baker, Tautomerism, Rutledge. 


OiHiiOHi 


CH3V 

CH;y 


'GeHs 
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The experimental result in this case is in agreement with the 
prediction ; but there are exceptions to the rule. 

The direction of reamangement of the a-jd- amino-alcohols 
when treated with nitrous acid seems to be governed entirely 
by the position of the amino group. In every case the oxygen 
in the hydroxyl group of the amino-alcohol retains its original 
position and becomes the carbonyl oxygen of the final product. 
We have, for example, the following reaction: 

CHs. /C 

>C C< 

CH3/I l^C 

NHs OH 

The amino group evidently is not replaced by a hydroxyl group 
as a preliminary step, for the corresponding pinacol yields a 
different ketone. 

Most of the 1, 2-glycols (dihydric alcohols with the hydroxyl 
groups on adjacent carbon atoms) are readily converted into 
aldehydes or ketones, and this conversion involves an intra- 
molecular rearrangement of the pinacol type. 

Disecondary 1, 2-gIycoIs form ketones through the migration 
of hydrogen and loss of water : 

CH 3 — CHOH-CHOH— CHs 

— > CH 3 ™CH 2 — CO— CH 3 + H 2 O (1) 

CeHs— CHOH— CHOH— CH 3 

— > CoHr,— CH 2 — CO— CHs + H 2 O ( 2 ) 

In a few instances an aromatic radical rather than a hydro- 
gen atom makes the shift. Hydrobenzoin is converted into 
diphenylacetaldehyde in this way : 

C6H5\ 

CgHs— CHOH— CHOH— C eHs— > >CH— CH0-fH20 (3) 

CoH./ 

An analogous result has not been observed in the aliphatic 
series. An alkyl radical never shifts its position if there is a 
hydrogen atom attached to the same carbon. 

in the case of 1 , 2 -glycols having one secondary and one ter- 
tiary alcoholic hydroxyl group, the rearrangements are classified 
as semipinacol or semihydrobenzoin types, depending upon the 
direction in which the carbon radical migrates.* 

* Tiffeneau and Levy, Bull. me. ckim., 83, 735 (1923). 


cHs HNO2 CH3 \ y.O 

— ^ CHs -^C— Cf -fNa -h 2H2O 

6H5 CsHs/ ^CeHs 
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R\ I - - 

I. CHiOH|-~R R— CO-CHR2 + H2O 

Semipinacol typo 

(OH removed from the secondary alcohol group. Radical moves from tertiary to secondary 
carbon atom, yielding a ketone.) 

R\ , — R\ 

II. >CiOHi— CHOiHi— R— >R^C-CHO + H20 

R/ R/ 

Semihydrobenzoin type 

(OH removed from the tertiary alcohol group. Radical moves from secondary to tertiary carbon 
atom, yielding an aldehyde.) 


THE BENZIL REARRANGEMENT AND 
RELATED CHANGES 


Benzil, a yellow crystalline diketone, Cr^Hs • CO • CO • CgHs, 
which melts at 95° and boils with decomposition at 347°, is 
converted by hot aqueous alkali into a salt of benzilic acid : 


KOH 

CeHs • CO . CO • CoHs ^ (C6H5)2C(OH) • COOK 

No thoroughly tested and satisfactory explanation of the 
change has been offered.* 

Tiffeneau assumes the addition of water to each of the 
carbonyl groups with the formation of 

OH OH 

CsHs— i .i— CoHs. 

in in 


From this point on he applies the mechanism which he devel- 
oped in connection with the pinacol rearrangement. Scheuing 
believes the first step is the acidition of a molecule of potassium 
hydroxide to one of the carbonyl groups, yielding the interme- 
diate product 

■■■ - ■ OH . ■ 



K 


CO—CsHs. 


*Nicolet and Pelc, J. Am. Chem. Soc., 43, 935 (1921). Miohael, !. Am. Chem. 
Soc., 42, 787 (1920). Schroter, Ber., 42, 2336 (1909). Lachman, J. Am. Chem. Soc., 
46, 779 (1924). Tiffeneau, Rev. gin. set., 18, 584 (1907). 
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The second step, he claims, is an exchange of positions between 
the OK group and a phenyl radical.* 

Dissolve 5 g. potassium hydroxide in 10 cc- of water, then add 15 cc. of 
alcohol. To this solution add 6 g. of benzil and heat the mixture on a water 
bath for ten minutes. Cool with ice, then filter to obtain the crystalline 
product, which is potassium benzilate. Dissolve the crystals in 30 cc. of 
water, heat the solution to the boiling point, and acidify it with hot dilute 
sulfuric acid. Filter out the precipitated benzilie acid and purify the product 
by recrystallization from a large volume of hot water (m.p. 160”). The yield 
is almost quantitative. 

Benzoin (m.p. 137°, b.p. 344°) is partly converted into di- 
phenylacetic acid by treatment with 3 M. sulfuric acid at 250°. 

CeHsv ^0 CeHsv ^0 

>CH—Cf — > >CH— Cf 

HO / ^CeHs CMr/ ^OH 

Not more than a 10 per cent yield has been obtained; for, at 
the high temperature required to cause this change, other reac- 
tions predominate. 

Hydrobenzoin (m.p. 139°) gives a good yield of diphenyl- 
acetaldehyde when warmed with sulfuric acid. 

ChHsv 

CfiHs— CHOH-~GHOH-~CoH5 >CH— CHO -j- HaO 

It will be observed that benzil adds water in rearranging, 
benzoin rearranges without loss or gain of water, and hydro- 
benzoin loses water in the process. In each case one carbon 
atom is oxidized and an adjacent carbon atom is reduced. In 
all rearrangements of glycols an intramolecular oxidation and 
reduction occurs, and a similar generalization can be made with 
reference to the rearrangements of oximes and of amides. 

The structural modification that sometimes occurs when a 
monohydric tertiary alcohol is dehydrated is known as the 
Wagner rearrangement, f 

When diphenyl-tertiarybutyl-carbinol is warmed with a 
dehydrating agent it is converted into 3, 3-dipheny]-2-m ethyl- 
1-butene. 

*Gatterman and Wieland, Laboratory Methods of Organic Chemistry. The 
Macmillan Company, 1932. 

t Wagner and Brykner, Ber., 32, 2302 (1899). 


THE HOFMANN REARRANGEMENT 

CHs CHs 

I ;^/(JH3 CeHss^ 

CcHs/' 
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OH CH 3 

CsH/ 


X, 


CHa 


The structure of this unsaturated hydrocarbon was established 
by Bateman and Marvel.* 

Similarly, tertiarybutyi-carbinol is converted into 2-methyl-l~ 
butene. 


CHsv 

CHa^C- 

GH3/ 


-CH2OH 


CHs^ 

V- 

CH3/ 


-CH2— CHs 


THE HOFMANN REARRANGEMENT OF SUBSTITUTED 
AROMATIC AMINES 


Migration of an alkyl radical. When monomethylaniline is con- 
verted into a salt (monomethylaniline hydrochloride) by treat- 
ment with hydrochloric acid, then heated to 150°, the methyl 
group migrates from the nitrogen to the para or to the ortho 
position of the ring.f The hydrogen atom occupying the para 
or ortho position simultaneously passes to the nitrogen.^ 


NH.CHa NH3 NHs 



The rearrangement amounts to an exchange of places between 
the para or the o?^tko hydrogen and the methyl group. 

In the same way the hydrochloride of methyltoluidiiie, when 
heated, undergoes the Hofmann rearrangement, yielding 

xylidine : + + 

NH0CH3 NHs 


(heat) 


CHs 


CHs CHs 

* Bateman and Marvel, J, Am. Chem, Soc., 49, 2914 (1927). 
t A. W. Hofmann and C. A. Martins, Ber., 4, 742 (1871). 
t Mixed products are obtained in rearrangements of this type, but the para 
derivative is predominant. In some c^es the para-compound is formed almost 
exclusively. 
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and from xylidine, by the same procedure^ we may obtain 
mesidine.* 

]\Iany different opinions have been expressed concerning the 
mechanism of this reaction. A possible comse is the following ; 
( 1 ) dissociation of the amine salt with the production of an 
alkyl halide, ( 2 ) a reaction between the alkyl halide and the 
free amine in which the alkyl group is substituted for hydrogen 
in the ring and hydrogen halide is regenerated. Michael ad- 
vanced this theory of the change many years ago.f The con- 
version of methylaiiiline into para-toluidine, according to this 
scheme, is accomplished as follows : 

NHCH 3 HCI . NH 2 NH 2 HCI 



Free methylaiiiline is not changed to toluidine by heat alone, 
but in the presence of an acid or of metallic salts such as cobalt 
chloride, cadmium chloride, or manganese chloride the secondary 
amine undergoes the rearrangement.t The presence of the salt 
insiues the formation of an ion of the ammonium tj?iie. 

If the alkylamine salt dissociates into an alkyl halide as a 
preliminary step, then any procedure wdiich favors the escape 
of the amine or of the alkyl halide should reduce the yield of 
the substitution product. To apply this test Hieldnbottom § 
heated pure ethylaniline vnth cobalt chloride in a long vertical 
glass tube. The mixture was heated to 240®-- 270° for twelve 
hours. The lower part of the tube was always at a tempera- 
ture above the boiling point of aniline, and the apparatus 
was arranged so as to permit the collection of volatile products 
at any time. The rearrangement proceeded smoothly, but 
no ethyl chloride was detected and the yield of aniline was 
negligible. 

From the results obtained by Hickinbottom one must con- 
clude that actual dissociation is not a necessary antecedent to 
the rearrangement. The change in structure may be due to a 

Porter and Thurber, .7. Am. Chem. Soc., 43, 1194 (1921). 

t Michael, Ber., 14, 2107 (1S81). 

t Reilly and Hickinbottom, J. Chein. Soc., 117, 103 (1920). 

§ Hickinbottom, J. Cheyn. Soc., 130, 64 (1927). 
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direct reaction between two groups within a single molecule. 
Other support for this idea will be found in connection with the 
rearrangement of acetylchloroaminobenzene. 

Migration of a substituted alkyl radical. N-Triphenylmethyl- 
aniline, CeHsNHCCCoHsls, is prepared by mixing a benzene 
solution of triphenylchloromethane with an alcoholic solution 
of aniline. At the temperature of a water bath the reaction 
is completed within fifteen minutes. When heated to 160® 
with half its weight of zinc chloride it is converted into para- 
aminotetraphenylmethane.* 


NHCfCeHols NH2 



C(C6H5)3 

N-Triphenylmetliylaniline p-Aminotetraphenylraethane 

(m.p. 146°) (m.p. 249°) 

The product of the rearrangement is obtained from the fused 
mass by extraction with alcohol after the zinc chloride has been 
removed by washing with water. 

Migration of a hydroxyl group. When heated with sulfuric 
acid, /3-phenylhydroxylamine is converted into para-amino- 
phenol. 

NHOH NHa 



Other arylhydroxylamines behave in the same way if there is 
an unsubstituted para or ortho position in the ring. 

A commercial process for the reduction of nitrobenzene to para-aminp- 
phenol depends upon this rearrangement. Nitrobenzene in alcohol is mixed 
with sulfuric acid and electrolyzed with a lead cathode. Phenylhydroxyl- 
amine is formed, and, under these conditions, rearranges immediately. The 
product, paro-aminophenol, is used as a photographic developer. 

Migration of an acyl group. Acetylchloroaminobenzene 
is made by adding a solution of sodium hypochlorite to a 

* Van Alphen, Rec. trav. chim,, 46, 501 (1927). 
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cold aqueous alkaline solution of acetanilide. The product can 
be kept for several weeks if dry and protected from light. 
In pure cold water it is stable in the dark, but if the solution 
is exposed to light there is a slow conversion of the compound 
into pum-chloroacetanilide. In the presence of hydrochloric 
acid the change is rapid and almost quantitative. The reaction 
follows the unimolecular law, and the simplest representation 
of this irreversible change is indicated as follows : 


/COCH3 


N 


XDCHs 


Nh 


Cl 


This reaction has been studied systematically in many lab- 
oratories, and several theories have been advanced relating to 
the course of the rearrangement. The mechanism generally 
accepted at the present time was formulated by Orton and his 
associates.* It is assumed that the first step in the process is the 
hydrolysis of the chloroamine with the production of hypo- 
chlorous acid and acetanilide. The hypochlorous acid reacts 
with hydrochloric acid, to >neld chlorine ; and finally, as an in- 
dependent reaction, the acetanilide is chlorinated in the para 
position or in the ortho position by the free chlorine. 


^ . /Cl ^ /H 

< >N<; +H2O— >n/ +hoci( 1) 

— \COCH3 ^COCHs 


HOCl + HCl 


H 2 O 4- CI 2 


N 


/ 


H 


'^COCH; 


+ CI0 


Cl 


N 


/ 


H 


\ 


'^COCH;, 


( 2 ) 

+ HC1 (3) 


Chlorine replaces hydrogen on the nitrogen atom as well as 
in the ring; but the reaction between the amino hydrogen and 
chlorine is reversible, whereas the reaction between the nuclear 

'f'Chattaway and Orton, J.Chem. Soc., 75, 1053 (1899). Orton, Proc. Ray. Soc., 
71, 150 (1902). Orton and Jones, J. Ckem. Soc., 95, 1456 (1909). Orton and King, 
J. Chem. Soc., 99, 1369 (1911). Kipping, Orton, et al., Chcm. News, 108, 155 (1913). 
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hydrogen and chlorine is irreversible. Reaction (3), therefore, is 
more completely represented as follows : 

Cl 

+ HCI 

COGH3 
H 

-1-HCl 

COCH3 

A different mechanism, supported by much experimental 
evidence, has been advanced recently. It is assumed that a 
bond is formed between the chlorine atom and the para carbon 
atom before the chlorine actually severs its connection with the 
nitrogen atom.* No means of confirming the idea is, at present, 
available. The theory is based upon the fact that dry crystals 
of acetylchloroaminobenzene, when heated or when exposed 
to ultraviolet light, undergo the rearrangement. No water for 
hydrolysis is available under these conditions, and no solvent 
to retain dissociation products is present.! 

After a method had been devised for making ordinary ele- 
ments radioactive a new tool was available for use in the study 
of reaction mechanisms, and the rearrangement of acetyl- 
chloroaminobenzene was investigated once more.J Radioac- 
tive chlorine was used in the preparation of hydrochloric acid 
and ordinary chlorine was employed in making acetyichloro- 
aminobenzene. The rearrangement of the ordinary chloroamine 
(in solution) was then induced by treatment with an equivalent 
quantity of radioactive hydrochloric acid. 

According to the series of equations on page 450 one half of 
the chlorine which ultimately becomes attached to the ring 
is derived from the hydrochloric acid and one half comes from 
the amino group of the chloroamine. With one source of 
chlorine radioactive and the other inactive, and with methods 
available for determining the relative amounts of the two kinds 
of chlorine in the rearranged product, it was thought that the 
rival mechanisms could be checked. The experiments revealed 

* Porter, Molecular Rearrangements, p. 8. Reinhold Publishing Corp., N.Y. 

t Porter and Wilbur, J. Am. Chem. Soc., 49, 2145 (1927). For the action of 
. ultraviolet light upon this compound in various solvents see J. H. Mathews and 
R. V. Williamson, J, Am. Chem. Soc., 45, 2574 (1923). 

J Olson, Porter, Long, and Halford, J. Am. Chem. Soc., 58, 2467 (1936). 




H 

^COCHs 
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the fact that the final product, paru-chloroacetanilide, is formed 
from acetylchloroaminobenzene through two or more paths, 
but there is no conclusive evidence that the direct shift of 
chlorine from the nitrogen to the para carbon atom is one of the 
routes followed. It was established that, in aqueous solution, 
the major part of the product was formed through the course 
outlined by Orton. 

When the rearrangement occurs in the solid phase, or is in- 
duced by heating the compound alone to a temperature above 
its melting point, the Oi'ton mechanism cannot apply. Under 
such circumstances one of the following assumptions must be 
made : (1) a direct shift of the chlorine atom from nitrogen to 
carbon occurs within each separate molecule, or (2) the change 
is accomplished through a reaction between the amino chlorine 
of one molecule and the para hydrogen atom in another mole- 
cule. When the rearrangement occurs in the absence of a solvent 
we have no means of determining whether it is a iinimolecular 
or a bimolecular reaction. 

Migration of a diazo group. The conversion of diazoamino- 
benzene into aminoazobenzene is accomplished by warming an 
aqueous solution or suspension of the diazoamino-compomid 
with a little aniline hydrochloride : 



The portion of the molecule marked a migrates to the para 
position of the ring in the aniline residue marked h. 

The benzidine change consists of two rearrangements brought 
about by warming hydrazobenzene with hydrochloric acid. The 
first shift gives rise to semidine, and the final readjustment 
produces benzidine. In each case a group migrates from the 
nitrogen of an aromatic amine to the para carbon atom (see 
page 214). 

In each case, also, the shift is accomplished without an actual 
dissociation of the molecule into free radicals. Ingold made 
mixtures of pairs of substituted hydrazobenzenes and induced 
the rearrangements of these compounds in the presence of each 
other. If such molecules dissociate in the process of rearrange- 
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ment, three benzidine derivatives should be formed from each 
pair of hydrazobenzene derivatives in the mixture, as indicated 
below : 



Actually, no compound of type (4) was formed.* There was 
no exchange of groups between the compounds (1) and (2). 


THE WALDEN INVERSION 

An optically active compound is usually racemized by heat 
alone or by boiling with an acid or alkali. From the racemic 
mixture the dextro and tevo forms may be isolated by the 
methods outlined under o'ptical isomerism. 

In 1895 Walden prepared d-chlorosuccinic acid from Z-chloro- 
succinic acid without complete racemization. The change was 
accomplished by replacing the chlorine atom by a hydroxyl 
group through the agency of silver hydroxide, then replacing 
the hydroxyl group by chlorine through the action of phosphorus 
pentachloride ; 


COOH 

COOH 

COOH 

j 

CHCl AgOH 

j 

CHOH 

1 

PCI 5 CHCl 

1 

1 

- — 1 

CHa 

CHa 

CHs 

{ 

j 

COOH 

j 

COOH 

COOH 

Z-Chloroauccimc acid 

Z-Malic add 

<i-Chloro3uccinic acid 


Somewhere in the process outlined by these formulas a change 
in structure occurs. Either the hydroxyl group fails to take 
the position previously occupied by chlorine, or the phosphorus 
pentachloride fails to introduce chlorine in the position pccu- 

* Ingpld and Kidd> C/iew. 1933, 984. A mechanism based lipon the 
formation of a cyclic intermediate product has been outlined by Sieliseh aiid Grund. 
Sieliach and Grund, Uber den Mechanismus intra- und intermolekularer Reaktionen, 
Berlin, 1932. 
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pied by the replaced hydroxyl. The fact that the sign of the 
optical rotation changes as a result of the second reaction does 
not imply that the change in positions of the groups around 
the asymmetric carbon atom occurs also in this step, for there 
is no reason to assume that hydroxy and chlorine compounds 
of like structure should have similar optical properties. But 
when the hydroxyl gi’oup is replaced by chlorine, regenerating 
ehlorosuccmie acid, one would expect to find either raeemiza- 
tion or a restoration of the original optical properties. The 
product actually obtained is the mirror image of the original 
substance, and therefore, somewhere along the line, an inver- 
sion occurs. 

Silver hydroxide acts upon cZ-chlorosuccinic acid, converting 
it into d-malic acid, which in turn yields ^-ehlorosuecinic acid. 
We have, therefore, a CK)mplete cycle : 

COOH • CHCl • CH. • COOH 

Z-C'hlorosucdnit; acid 

PCI5 

COOH • CHOH • CHa • COOH 

d-Malic acid 

If potassium hydroxide be substituted for silver hydroxide, 
a different malic acid is produced : 

KOH 

Z-Chlorosucdnic aeid ' ^ d-Malic acid 

PCh 

Walden’s experiments * revealed the fact that the weak bases 
Ag:^0, TlOH, HgO, Hg 20 , and PdO substitute hydroxyl for 
chlorine in chlorosuccinic acid without change of sign ; that is 
to say, they convert ^chlorosuccinic acid into /-malic acid. The 
stronger bases, RbOH, KOH, NH 4 OH, Ba(OH) 2 , NaOH, and 
LiOH, convert chlorosuccinic acid into malic acid of opposite 
sign. 

That a change in sign may be produced without altering 
the relative positions of groups attached to an asjmimetric 
carbon atom, but merely by making a change in the composi- 


AgOH 


AgOH 


COOH • CHOH • CH, • COOH 

iirl.l 

PCU ' 
COOH • CHCI ■ CHo • COOH 

d-Chlriro^!Uci.-iuic acid 


=»= Walden. Ben, 32, 1833 (1899). 
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tion of one of them, is proved by the fact that dextrorotatory 
amyl alcohol yields a Imvorotatory ester : 


GJS./ '\CH 2 OH 

Amyl alcohol (dextro) 


CHa 




.H 


C2H/ ^CHsOCOGH, 

Amyl acetate (Issvo) 


M ost of the a-amino acids and some j8-amino acids, like 
the a-halogen acids, are susceptible to the Walden inversion. 
Methylpheiiylcarbinol also undergoes inversion : 


/H 

CH3/ \0H 

(dextro) 

"'AgaO 

/H 

>c< 

CHg/ \C1 

(Isevo) 


SOGI 2 

cr/ \ci 

(dextro) 


.H 


SOClo 


AgaO 

CeHs ’ yH 

CH,/ \OH 

(lajvo) 


Many competent chemists have ma-de systematic investiga- 
tions of the Waldeh inversion, and the nature of this rearrange- 
ment is now fairly well known. Some of the more important 
paxiers relating to the process are listed below.* 

A great variety of mechanisms have been proposed to account 
for the phenomenon, and a few of these mechanisms will be re- 


viewed, briefly, at this point. 

Rordam assumes that the first step in the process is a dissocia- 
tion of the asymmetric molecule. He says : ” One of the four 
groups attached to the asymmetric carbon atom is removed, 
and the remainder of the molecule then oscillates between the 
two possible extremes corresponding to the d- and the l- 
configuration ; this continues until the replacing group secures 
its position in the molecule, so that the resulting configuration 
of any one molecule is determined by the phase at which the 
group enters." f 


* Phillips, J. Chem. Soc., 123, 44 (1923). Kenyon, Phillips, and Turley, J. Chem. 
Soc., 127, 399 (1925). Kenyon and Phillips, Trans. Farad. Soc., 26, 451 (1930). 
Clough, J. Chem. Soc.. 113, 526‘ (1918). Levene and Marker, J. Biol Chem., 91, 
687 (1931), Levene and Haller, J. Biol. Chem., S3, 185, 591 (1929). Ogg and 
Polanyi, Trans, Farad. Soc. 31, 482 (1935). 

t R 0 rdain, J. Chem. Soc., 1932, 2931. Ber., 67B, 1595 (1934). 
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The majority of chemists, however, believe that the first step 
in the process is not a dissociation or ionization of the molecule 
but the formation of an addition product. 

As early as 1911 Werner and Fischer independently sug- 
gested that the first step in a substitution process might be the 
formation of an addition product. Their views relating to 
racemization and inversion may be set forth in connection with 
a specific example. Let us consider the reaction that occurs 
when bromopropionic acid reacts with potassium hydroxide. 
They would say that potassium hydroxide acts upon bromo- 
propionic acid, attaching itself to the asymmetric carbon atom 
at some place between the four groups satisfying the primary 
valences of this carbon atom. Potassium bromide is then elimi- 
nated. At the moment when the halogen is released from the 
carbon atom there are two possibilities : ( 1 ) the hydroxyl group 
may take the place vacated by the bromine atom, or ( 2 ) it may 
retain its intermediate position, causing the three remaining 
groups to shift into new positions to reestablish the tetrahedral 
form of the molecule. If all molecules behave according to ( 1 ), 
there is no inversion. If all react as indicated in (2), there is 
total inversion. If half of the molecules react as in (1) aiid half 
as in (2), a racemic mixture is produced. Partial racemization 
always occurs in these reactions, so that any explanation of in- 
version must present two possible mechanisms. 

The view that inversion is caused through the formation of 
an intermediate addition product was explicitly stated by Lewis 
in his monograph on Valence. He said ; " There seems to be but 
one possible way of accounting for this peculiar behavior 
(Walden inversion). Let us consider a carbon atom attached 
to the four radicals Ri, R 2 , R 3 , and R 4 , and let us assume that 
a fifth group, R 5 , becomes temporarily attached to the carbon 
atom near to the face of the tetrahedron which is opposite to 
Ri. A slight shift of the kernel might make it now the center 
of a new tetrahedron with corners at R 2 , R 3 , R 4 , and Rs, while 
Ri would become detached from the molecule. Then if the 
radical R 5 in the new molecules were to be replaced by the 
radical Ri, the resulting molecule would be the mirror image 
of the one with which we started. In this explanation it is not 
necessary to assume that the five radicals are attached to the 
carbon for any appreciable period of time, indeed it might be 

* Werner, Ber,, 44, 873 (1911). Fischer, Ann., 381, 123 (1911). 
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assumed that the Ri leaves at the same instant that the Rs 
becomes attached to the carbon atom.” * 

Olson dias made a precise formulation of the mechanism of 
the addition reaction and has verified the theory experimen- 
tally,! In harmony with the conclusions of Pauling and Slater t 
he assumes that a carbon atom which is exercising its normal 
valence with atoms attached to the four apexes has a tendency 
to form other bonds on the faces of the tetrahedron. The 
stronger the bond is at an apex of the carbon tetrahedron, the 
weaker will be the tendency for a bond to form on the opposite 
face of the tetrahedron. If one of the four atoms attached to 
carbon is easily replaced (is held by a weak bond) the face of 
the tetrahedron opposite this atom will have a strong tendency 
to form a bond. As a simple application of this theory we may 
consider the reaction between methyl chloride and potassium 
hydroxide. It is assumed that the hydroxyl group becomes 
attached to the carbon atom on the center of the face of the 
tetrahedron opposite the apex to which the chlorine is attached. 
The chlorine atom then leaves the carbon, as chloride ion, and 
the carbon atom assumes a new configuration, an apex being 
formed at the position of the hydroxyl group. The hydroxyl 
group does not occupy the position that was vacated by the 
chlorine atom but is in a position exactly opposite the place 
originally occupied by the chlorine atom. The group which is 
to be displaced determines a unique path for the entering group. 
This leads to an inversion of the configuration of the molecule 
with respect to the carbon atom on which the substitution has 
occurred. 

This theory can be applied to every known case of optical 
inversion, but its usefulness as a means of predicting results is 
impaired by the fact that the solvent or even the walls of the 
container may in some cases take part in the formation of an 
addition product. Under such circumstances it is impossible 
to determine the number of steps (and, therefore, the number of 
inversions) that are involved in a substitution process. ^ 

The course of a substitution reaction may be modified by 
the solvent, the temperature, the nature of the walls of the con- 

* G. N. Lewis, Valence and the Structure of Atoms and Molecules, p. 113. Rein- 


hold Publishing Corp., N. Y. 

t A. R. Olson, .7. Chem. Phys., 1, 418 (1933). 

1 Pauling, J. Am. Chem. Soc., 63, 1367 (1931). J, C. Slater, Phys. Rev., 37, 481 


(1931). 
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tainer, and by other factors. Such processes are seldom as 
simple and direct as stoichiometric equations imply. In an in- 
vestigation of the reaction between ^-bromosuccinic acid and 
chloride ion Olson and Long found that the exchange of chlorine 
for bromine was only one of a large number of simultaneous 
reactions.* They were able to suppress lactone formation and 
hydrolysis to such an extent that only six reactions occurred at 
appreciable rates. A quantitative study of the rates of these 
six reactions was made. Then, under the assumption that sub- 
stitution is accomplished through the formation of an addition 
product and that complete structural inversion occurs when an 
addition product is formed, they calculated the rotation that a 
solution of bromosuccinic acid and hydrochloric acid should 
have at various intervals of time after mixing the reagents. The 
agreement between the theoretical and the experimental values 
was remarkable. 

This mechanism of addition and inversion does not apply to 
substitution processes that occur through preliminary ionization 
of the reagents, but it seems to apply to most substitution 
processes in which at least one of the reacting substances is a 
nonelectrolyte. 

* Olson and Long, J. Am. Ohm. Soe., 56, 1294 (1934). 
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Formulas 

From analytical data the simplest empirical formula of a com- 
pound may be calculated. The relative weights of the elements 
found in a compound divided by their respective atomic weights 
must give the numerical ratios in which the atoms of the different 
elements exist in the molecule. A substance, for example, has the 
composition: carbon, 40 per cent; hydrogen, 6.6 per cent; oxygen, 
53.3 per cent. The atoms of carbon, hydrogen, and oxygen in the 

molecule must be associated in the ratio or 3.3 to 6.6 

to 3.3. Since, from the law of multiple proportion, we conclude that 
molecules do not contain fractional parts of atoms we must express 
these ratios in whole numbers. The smallest whole numbers repre- 
senting these relative values are 1:2:1 and hence the simplest em- 
pirical formula for the compound is CHoO. The same ratios are 
expressed, however, by the formulas C2H4O2, C3H0O3, CeHioOo, or, 
in general, CnHanOn. All of these formulas correspond to the com- 
position indicated above. In order to determine which formula 
should be assigned to the substance under investigation we must 
know its molecular weight. Formaldehyde (mol. wt. 30) has the 
formula CH3O, Acetic acid (mol. wt. 60) has the formula CaHiOs- 
Lactic acid is CaHoOa and glucose is CeHioOo. The best methods for 
estimating molecular weights are based upon the gas laws and upon 
principles relating to the properties of solutions. 

Molecular Weights from Properties op Gases 

Vapor density methods are usually employed in determining the 
molecular weights of all compounds that vaporize without decom- 
position. According to Avagadro’s law, equal volumes of all gases 
at the same temperature and pressure contain the same number of 
molecules. In other words the molecular weights of all gases under 
identical conditions of temperature and pressure occupy the same 
volume. At O^C. and 760 mm. pressure the gram molecular volume 
is 22.4 liters. The molecular weight of a substance is, therefore, the 
weight of 22.4 liters of its vapor under standard conditions. 
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changed to T’. The volume will again be changed ; this time trom 
F to V ; and from Charles’s law 

E=iL or (2) 

equating the equal values of F in (1) and (2) we have 

® = (3) 

pT 

Multiplying both sides of this equation by p' and dividing by T we 
obtain the equation , , 

T r ' ^ 

That is to say, the value of ^vis a constant quantity. The gas con- 
stant is usually represented by B and the equation is written 

or pv^ET.. (5) 

Substituting for T the absolute temperature, for p the pressure 
in atmospheres, and for v the volume in liters occupied by a mol of 
gas under these conditions, we obtain the numerical value 0.082 for 
the constant 

To make the equation general, an additional factor must be in- 
troduced. namely, n. the number of mols or the fractional part of 


, pv = nRT, ■ . . ( 6 ) 

* The numerical value of the gas constaht, i?, depends rxpon the units employed in 
pressure and volume measurements. 


atmospheres 
atmospheres 
mm. Hg, 
dynes/cm,“ 



One calorie is equivalent to 4.18X10'' ergs; hence in units of heat capacity 

■ g JJj.' ■ ■ . 

E ~ = 1.99 cals, or, approximately, 2. 

■■■ 4.1o 
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We may substitute for n the ratio ■— in which W is the weight of 
the gas measured and M its molecular weight, 

WRT WET 

M pv 


Then 


pV' 


a) 


Many practical methods for determining the values required in 
this equation have been devised. In dealing with the permanent 
gases it is only necessary to 
weigh an evacuated flask of 
known volume and weigh again 
after filling it with the gas at 
atmospheric pressure and room 
temperature. For volatile liq- 
uids the Victor Meyer method 
is convenient but lacks preci- 
sion. A weighed sample of the 
liquid under investigation is 
sealed in a small glass bulb, G 
(Fig. 1), which rests on a rod, 

E, in the upper end of a long 
glass tube, A . An air-tight rub- 
ber connection is made between 
the rod E and the side arm of 
the tube. The tube A is heated 
to a temperature above the boil- 
ing point of the sample in G by 
the vapor of a liquid which is 
kept boiling in the outer jacket 
B. After the tube A has ac- 
quired the temperature of the 
vapor bath surrounding it, an 
air-tight stopper is inserted in 
the top of tube A, then the 
sami)le is dropped from the detent by pulling out on the rod E. 
The rubber connection stretches enough to let the bulb fall. On 
striking the bottom of A the capillary end of the bulb is broken 
and the sample immediately vaporizes forcing an equivalent volume 
of air into the eudiometer D, which at the beginning of the experi- 
ment is filled with water. Since all gases have practically the same 
coefficient of expansion the volume of air received by the eudiometer 
represents the volume that the weighed sample would occupy if it 
could exist,as a vapor at the temperature of the room under atmos- 
pheric pressure. The variables P, W, and T are fixed in advance by 
the conditions of the experiment and V is measured. 



Pig. 1 
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According to the method of Chapin a weighed sample is eva],*- 
orated inan apparatus of known volume and the change in pressure 
is measured d 

The temperature, T, is the variable measured in the method “ rep- 
resented in Pig. 2. The volume of the glass bulb A from the capil- 
lary at C to the point marked E is accurately determined. Platinum 
wires are sealed into the stem of the bulb at E ami F. These wires 
are connected with the poles of a battery, B, through the relay R. 
Mercury is poured into the reservoir G until the .surface of the 

mercury makes contact with 
the platinum point at E. A 
small thin walled glass bulb 
containing a weighed sample 
of the liquid is introduced 
into A, A short glass tube 
with one end ground to fit 
the neck of the flask and the 
other end drawn out to a 
capillary is connected by 
means of heavy rubber tub- 
ing to the upper end of A. 
By means of compressed air 
mercury is forced from the 
Fig. 2 reservoir into A. until it rises 

to the top of llie capillary 
at C. The end of the capillary is then sealed. The oil bath sur- 
rounding A is heated by means of an ele<ttric current passing 
through coils of nichrom wire. The current is turned on and olf 
automatically through the operation of the relay Ji. The capillary 
end of the sample tube is broken off by bending the rubber joint 
at D and the sample is thereby released on the surface of the mer- 
cury. As the specimen vaporizes mercury is forced back into the 
reservoir. The temperature of the bath is raised until the vapor 
fills the bulb to the point E. The break in contact between the mer- 
cury and the platinum point is indicated by the relay, and at the 
same time the current is turned oft' from the heating coils, H, in the 
oil bath. Due to a lag in the temperature of the vapor, the mer- 
cury level continues to fall for a short time after the heat is turned 
off ; but as the oil bath cools the mercury rises. When contact with 
the platinum is made again the heat is turned on automatically, 
and within fifteen or twenty minutes the ‘'make and break” of 
contact correspond to changes of only one or two tenths of a degree 

I Chapin, J. Phys. Chem., 23, :J37 ( 1918) , 
s Porter, J. Am. Chem. Soc,, 34, 1290 (1912). 
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in the temperature of the oil bath. The mercury now stands at the 
same level in both sides of the apparatus, and the temperature at 
which the known weight of substance fills a given volume at atmos- 
pheric pressure is observed. 

Molecular Weights from Properties op Solutions 

Many compounds decompose when heated and cannot be obtained 
in the vapor state. Methods based upon the gas law cannot be used 
in such cases. Raoult’s discovery that the lowering of the vapor 
pressure of a solvent by a dissolved substance is determined by the 
relative number of molecules of solute and of solvent in any solution, 
and is independent of the mass of the dissolved molecule, gives a 
means of estimating the molecular weight of a dissolved substance 
by vapor pressure measurement or by the measurement of any defi- 
nite function of the change in vapor pressure such as osmotic pres- 
sure, freezing point lowering, or elevation of boiling point. 

VAPOR PRESSURE 

The vapor pressure of pure water at 20° is sufficient to support a 
column of mercury 17.36 mm. high. In a solution containing one 
mol of sugar and seventy mols of water the mol fraction of water is 
70/71 and the vapor pressure of the solution at 20° is 
70/71x17.36 =17.11 mm. 

The vapor pressure of the solvent is proportional to its mol fraction 
in the solution. The lowering of the vapor pressure (in this case 
1/71 of the original value) is proportional to the mol fraction of the 

solute. In general terms RaoulPs law is written ^ T 7 T- ' 

■ Po A + w 

where po and p are the vapor pressures of the pure solvent and of 

the solution respectively, N is the number of mols of the solvent, and 

% is the number of mols of the solute. Or p = poXo if Xo is the mol 

fraction of the solvent in the solution. In the pure solvent Xo = 1. 

In very dilute solutions n + fV does not differ appreciably from A; 
and, representing po - p by the symbol Ap, we have 

Po N* 

BOILING POINT AND FREEZING POINT 

The curve BC (Fig. 3) represents the vapor pressure of a pure 
liquid between its freezing point and boiling point. The vapor pres- 
sure of the solid phase is indicated by AB. The curve DE repre- 
sents the vapor pressure of a solution. As the temperature rises the 


THE CARBON COMPOUNDS 


vapor pressure of the pure solvent or of any solution increases until 
it reaches a value equal to atmospheric pressure. The liquid then 
boils at constant temperature. Boiling point may be defined as the 

• - - - d* • t 



pjg g molecules, the boil- 

ing point of a solution 

must be higher and the freezing point lower than the corresponding 
points for the pure solvent. The elevation of the boiling point or 
depression of the freezing point is represented by the symbol At. 

When one mol of any substance, which doe.s not dissociate nor asso- 
ciate in solution, is dissolved in 1000 grams of water the freezing 
jxiint is lowered 1.86'"’ and the boiling point is elevated 0.52°. For 

any quantity of solute in 1000 grams of water df. = 1.86 x — * if W 

is the weight of dissolved substance and ilf its molecular weight. 
Representing the weight of water used by G, an additional factor, 

may be introduced to indicate the effect of changing the eon- 

ir 

centration of the solution by varying the amount of solvent used. 


At = U 


^ Wy 1000 

M 


Substituting A" for the product of the two constants, 
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^ It will be observed thatiT is the theoretical value of for a solu- 
tion containing one mol of solute per gram of solvent. K may be 
calculated from the heat of vaporization, Ij, and the absolute 
temperature, T, at which the solvent is vaporized, or from the heat of 
fusion, L, and the temperature, T, at which the pure solvent melts : 


Thus for water, 


and 


K= 
Kb = 


Ell 

L ■ 

2 X (373)" 
537 

2 X (273f 
80 


= 520, 
= 1863. 


A definite relationship existing between changes in boiling point 
and molal concentration of a solution is expressed in the equation 


or 


At = 


RT- 


L 

At = kx. 


n 

N+n 


In this equation L is the heat of vaporization or heat of fusion of 
one mol (not one gram) of the solvent; hence k is equal to K 
(page 464) divided by the molecular weight of the solvent, and x is 
the mol fraction of the solute. 


Values of k for Various Solvents 


Solvent 

P. P. Const. 

B. P. Const. 

Water. ... . , 

104 

29 

Acetic acid ... . . . . - . ..... . 

64.3 

4.3 

Benzene .... . . . ... . . .... 

64.1 

4.2 

Ether . . . . ... ,. • . . . . ..... 

— 

4.1 


OSMOTIC PRESSURE 

The osmotic pressure of a solution is definitely related to the low- 
ering of the vapor pressure caused by the dissolved substance. 
Therefore, the mol fraction of a solute and its molecular weight 
may be determined from osmotic pressure measurements. 

If in an inclosed space (Fig. 4) a solution, Z, be separated from the 
pure solvent, s, by means of a semi-permeable membrane, m, pure 
solvent will pass through the membrane in one direction or the 
other until equilibrium is reached, that is, until the solution has 
such concentration that its osmotic pressure is exactly equal to the 
weight of the column of solvent supported. Pet the height of this 
column be h. Now, the vapor pressure of the solutipn, I, must be 









m 
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exactly equal to the pressure of the vapor of the pure solvent in the 
saturated atmosphere at the same level ; that is, at the distance h 

above the surface of the sol- 
vent. Any inequality in these 
values would result in perpetual 
motion, the solvent continually 
moving through the membrane 
in one direction with a cor- 
responding movement of the 
vapor in the opposite way. The 
difference betw^een the vapor 
pressure of the solvent and solu- 
tion corresponds, therefore, to 
the difference between the pres- 
sures of the vapor of the sol- 
vent at the levels of the two 
liquid surfaces h cm. apart. The 
change in pressure, dp, corre- 
sponding to a small change in 
elevation above the surface of 
the solvent is deterniined ]»y 
the density, A of the vapor in that region and the magnitude of 
the change in altitude, : 



dp = Ddh, 

(D 

WET 

Prom the gas laws we have pt? = fp. 465) : 

m 

then 

_W,RT 

V M ^ V RT 

m 

But 

W' 

— = D, the density of the vaiior ; 


hence 

and 

(4) 

Substituting this value of D in (1), 



dp~^dk or 

(5) 


Integrating between the valu^^^ p* and p, the vapor pressures 
of the solvent and solution respectively, 




=:Mk 

RT 


7?T 

or h = '-v-y log 

.. . M 


& 

P 



We now have the height of the column of solvent in terms of the 
molecular weight, M, of the solvent, the temperature, T, and the 


* Natural logarithms. 
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vapor pressures of solvent and solution. The osmotic pressure, 
is equal to the height of the column, h, multiplied by the density. 

Do, of the solvent. 

Pos = hDo. 


Then 


P =; PTDq 

■ “ M 


■ V 


( 7 ) 


This equation is quite exact over any range of concentration if the 
vapor of the solvent obeys the gas law. 

According to Raoult's law, 

Expanding this into a powers series, 


+ 1 


log(|.+ l 


. /iLY-t-i /'lb 
"N 2W SVAr 


In dilute solutions is a small fraction and the higher powers of 

the fraction become negligible. Assuming that all terms except the 
lirst nr ay be neglected for dilute solutions, we have 

p -R TDq ^ 

M ' N 

The product, MN, is the weight of the solvent (mol. wt. times the 
number of mols) and Do is its density. 

Do ^ 1. 

MN Vo 

p _ 

08 — T/ ’ 

.f'o 

where Vo is the volume of the pure solvent. This is the well-known 
Morse and Fraser equation. By making one more approximation, 
namely, that the solvent and solution have the same density, which 
is true only at infinite dilution, we obtain the van’t Hoff equation, 

.. 7iET 


therefore 


and 


V 


( 9 } 


in which V is the volume of the solution. 

Van’t Hoff developed the equation in an empirical way from 
observations leading to the conclusion that dissolved substances 
obey the gas laws. It is true that the osmotic pressure of a dilute 
solution varies as the absolute temperature (Charles’ law) and is 
proportional to the number of mols of solute per unit volume 
(Boyle’s law), but the nature of osmotic pressure is totally different 
from that of an effect produced by .the bombardment of the walls 
of a vessel by gas molecules. ' 
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It must be remembered that the methods given above for molee- 
iilar-weiglit determinations are based upon the assumption that the 
vapors obey the gas laws, and that solutions act in accord with 
Raoult’s law. In actual experience a perfect gas is never found ; 
and a solution that shows no deviations from the laws of jierfect 
solutions is never encountered. Hence, molecular-weight determi- 
nations are inexact. In most cases, however, such determinations 
are used as a basis for deciding whether a compound should be 
represented by its simplest empirical formula or some multiple of 
this value. The methods are good enough to serve this purpose. 


QUESTIONS AND PROBLEMS 

1. The formula for methane is CH4. Calculate the weight of 1 liter of 
the gas at 0° G. and 760 mm. 

2. From the formula of ethane calculate the weight of 1 liter of the gas 
at 0° and 760 mm. and at 30° and 680 mm. 

8. Calculate the volume of 15 g. of ethane at 40° and 640 mm. 

4. A compound is 24 per cent carbon ; what is the lowest possible molecu- 
lar weight the compound can have? 

6. A compound composed of hydrogen and carbon was oxidized by heat- 
ing it with copper oxide. The hydrogen of the compound was converted 
into water and the carbon into carbon dioxide. Prom the following data 
calculate the percentage of each element in the compound : 

Weight of sample 0.40 g. 

Weight of water formed ......... 0.90 g. 

Weight of carbon dioxide . 1.10 g. 

6. A substance composed of carbon, hydrogen, and oxygen was analyzed. 
From the following data calculate its composition: 

Weight of sample 0.2046 g. 

Weight of water formed . . .... . . 0.1255 g. 

Weight of carbon dioxide . ... . . . 0.2985 g. 

7. Assuming that the compound referred to in problem 6 has a molecular 
weight of 210, write its molecular formula. 

8. Write the simplest formula that represents a compound having the 
following composition : 

Carbon . . . , . . . . . . . . . ... 40.00 % 

Hydrogen . - - 6.66% 

Oxygen 53.33 % 

9. If the compound referred to in problem 8 has a molecular weight of 
180, what is its molecular formula? 

10. A compound has the following composition : 

Carbon .... . ... • • • • • • • • 62.06% 

Hydrogen . . . . ........... 10.35% 

Oxygen . .... ... ....... . 27.60% 

At 20° and 760 mm. 1 .12 liters of its vapor weighs 2.7 g. Write the formula 
of the compound. (See Appendix for methods of determining molecular 
weights.) 

11, A sample of a substance weighing 0.304 g. gave upon combustion 
0.430 g, of carbon dioxide and 0.2626 g. of water. The sulfur in a sample of 
the same substance was converted into barium sulfate, and 0.246 g. of the 
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substance gave 0.924 g. of barium sulfate. What is the empirical formula 
of the substance? 

12. How many cubic centimetem of nitrogen measured at 30"' and 740 mm. 
may be obtained from 0.152 g. of a compound having the molecular formula 
CcHtN? 

IS. A compound which contained nitrogen was analyzed with the follow- 
ing results : 0.728 g. of the substance gave 68 cc. of nitrogen measured at 20“ 
and 750 mm. pressure. Calculate the percentage of nitrogen in the compound, 

14. When 1.60 g. of a substance was dksolved in 40 g, of water, the freez- 
ing point was lowered 0.11°. Calculate the molecular weight of the com- 
pound. 

15. A hydrocarbon was analyzed with the following results : 


Weight of sample .... ... . . . . 0.280 g. 
Weight of carbon dioxide produced . . . . 0.880 g. 
Weight of water formed 0.360 g. 


The vapor density of the compound was measured by the Victor Meyer 
method. A sample weighing 0.1470 g. displaced 48.2 cc. of air measured at 
20° and 740 mm. Write its molecular formula. (See Appendix for the 
Victor Meyer method of determining molecular weights.) 

16. A compound of carbon and hydrogen was analyzed with the following 

results : 0.420 g. of the substance gave 1.820 g. of CO- and 0.540 g. of IIoQ, 
In a determination of the molecular weight by the Meyer method 

0.337 g. of the vaporized substance displaced i 00 cc. of air at. 2t» and 740 mm. 
pressure. Calculate the molecular formula of the .substance. 

17. List the following gases in the order of increasing density : 02.11,;, CO, 
NHa, GH.i, C 2 H 2 . What is the weight of 22.4 liters of each of these gases 
at 0° C. and 760 mm. ? 

18. Is a mixture of air and gasoline vapor heavier or lighter than air alone? 
What is the basis of your conclusion ? 

19. Write the structural formulas of the hydrocarbons of the (jomposition 
CsHin. Name each as a derivative of ethylene. 

20. Outline methods for detecting the presence of carbon and hydrogen 
in organic compounds. Explain each test. 

21. Outline qualitative tests for sulfur and nitrogen in organic compounds. 
How are the same elements estimated quantitatively ? 

22. A mixture of oxygen and ethane at 20° measured 110 cc. The mixture 
was exploded by means of an electric spark. After the products cooled to 
room temperature, the volume was 60 cc. After the carbon dioxide had been 
removed by treatment with pota.ssium hydroxide solution, the residual gas, 
which was oxygen, occupied 20 cc. Find the percentage of ethane in the 
original mixture. 

23. What volume of pure oxygen is required to burn 1 liter of ethane? 

24. What weight of oxygen is required to burn 10 g. of ethane? 

26. What volume of air is required to burn 1 liter of methane? What 
volume of carbon dioxide would be formed? Assume that the methane, air, 
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and carbon dioxide are measured under the same conditions of temperature 
and pi’essure. 

26. A mixture of hydrogen, nitrogen, and methane was exploded with a 
measured volume of oxygen. The residual gas was shaken with a saturated 
solution of potassium hydroxide. All gas measurements were made under 
atmospheric pressure and at a constant temperature. From the following 
data calculate the percentages, by volume, of the three gases in the original 


mixture: 

Volume of mixed gases . . . . . . . , . . , , . . 40 ce. 
Volume of oxygen added ............. 80 cc. 

Volume after explosion . . . . . . . 56 cc. 

Volume after absorption of carbon dioxide by a solution 
of potassium hydroxide 36 ce. 


27. Devise a means of estimating the quantity of each gas present in a 
mixture of methane, nitrogen, and carbon dioxide. 

28. How could you determine the percentage by volume of each gas in 
mixtures of (a) ethylene and ethane? ( 6 ) methane, ethylene, and nitrogen? 

29. How could you distinguish from one another (a) propane, propene, 
and propine? ( 6 ) ethylacetylene and dimethylacetylene? 

80. How would you estimate the quantity of ethane, ethylene, and acety- 
lene in a mixture of the three gases ? 

81. Write a graphic formula for each of three compounds having the 
formula C 4 H 8 . 

32. Write the structural formulas of the hexanes, and name them. 

83. Calculate the heats of formation (a) of propane, ( 6 ) of propylene, (c) of 
acetylene. 

84. Write structural formulas for the products formed when ethylene re- 
acts (a) with Br2, (b) with H2SO4, (c) with HI, (d) with HOCI. 

86 . A hydrocarbon gas combines directly with an equal volume of chlorine 
gas. The addition product has a molecular weight of 127. What is the 
molecular formula of the original gas? 

36. Write the formulas of the monobromopropanes, and name them. 

37 . How would you estimate the quantity of alcohol in a mixture of ethyl 
alcohol and hexane? 

38. A saturated alcohol having the formula CaHsOa is converted by acetyl 
chloride into.a compound having the formula CpHuOa. Write a stractural 
formula for each of these compounds. 

39. Write structural formulas for all alcohols having the formula CsHnOH. 
Name each as a derivative of methyl alcohol (carbinol). 

40. Write the .structural formulas of the amyl alcohols, and name each ac- 
cording to the Geneva system, 

41. Two grams of a monohydric alcohol, when treated with metallic 
sodium, liberated 374 cc. of hydrogen gas at standard conditions. What is 
the molecular weight of the alcohol? 
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42. How could you distinguish by chemical tests (a) ethyl alcohol and 
hexane? (6) ethyl alcohol and methyl alcohol? (e) tertiary butyl alcohol 
and acetone ? (d) isoamyl alcohol and isopropyl alcohol ? 

43. Write equations for reactions by which propylene glycol can be pre- 
pared from propylene. 

44. What volume of ethylene, at 25° and 760 mm. pressure, should be 
obtained from 2 ib. of 95 per cent alcohol? 

45. Outline a method for the separation of w-hexane and methyl alcohol. 

46. Write an equation representing a reaction of »-butyl alcohol with 
acetyl chloride. 

47. Write the structural formulas of the hexyl alcohols, and name each. 

48. Write the formulas for the possible heptanols. 

49. Show how propylene glycol, CH 3 — CHOH — CH 2 OH, may be made 
from propyl alcohol. 

50. How wmuld you accomplish the complete removal of water and al- 
cohol from ether ? 

51. A mixture of alcohol and concentrated H 2 SG .1 contains ethyl sulfuric 
acid. How could you employ this mixture to prepare (a) ethylene ? (b) ether ? 
How do the experimental conditions differ in the two cases? Write equations 
for both processes. 

52. How would you prepare ethylene from CHhCH^OH ? from tlHaCHal? 
from CH^BrGH^Br ? How would you prepare each of these compounds from 
ethylene? 

53. Calculate the weight of ethyl bromide that may be prepared from 
60 g, of alcohol through the agency of pho.sphorus trl bromide, 

54. Write eciuatious for reactions of ethyl alcohol with (a) H^SO.), 
(5) CHaCOCl, (c) Na, (d) PCI 3 . 

55. Write the graphic formulas of the alcohols having the composition 
CeHiaOlI. Which of these alcohols contain an asymmetric carbon atom ? 

56. How would you separate and Identify the components of a mixture of 
ammonium chloride and methylamine hydrochloride? 

57. What compounds exist in a dilute water solution of ethyiamine and 
acetic acid? 

58. Outline a method for making trimethylbutylammonium hydroxide. 

50. Two compounds have the formula CalUNOL’. On reduction one yields 
an alcohol and the other an amine. Assign to each a graphic formula. 

60. What volume of nitrogen gas, under .standard conditions, w^ould be 
evolved if 3 g. of methyl ammonium nitrate were treated with nitrous 
acid? 

61. Two compounds have the formula CrtHuN. Nitrous acid converts 
one of them into CsHsO and the other into C^KhNuO. Write a graphic 
formula for each of the four compounds. 

62. A yield of 12 g. of acetone was obtained in the dry distillation of 
60 g. of calcium acetate. What percentage is this of the theoretical yield ? 
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63. A sample of a mixture of alcohol and acetaldehyde weighing 0.30 g. 
precipitated 0.76 g. of cuprous oxide from Fehling's solution. What was the 
percentage of aldehyde in the mixture? 

64. Write the formulas for the phenylhydrazones of propionaldehyde and 
butyraldehyde. 

66. Show by what chemical reactions the following groupings of atoms can 
be obtained: (a) ECH : CHBr, (6) R 3 CBr 2 , (c) R - 0 • R, (d) R-— CO~R. 

66 . An organic substance with the empirical formula C 4 H 10 O was con- 
verted by PCI 5 into C 4 H 9 CI. The original substance was changed by KsCraO? 
and H 2 SO .1 into a ketone, C 4 H 8 O. What was the substance? Write equa- 
tions to represent all the reactions involved in the identification, 

67. Starting with w-butyl magnesium bromide, outline the preparation of 
dimethyl w-butyl carbinoL 

68. Starting with acetone, show by equations how the following may be 
made: (a) (CHslaCaHs • COH, (6) CHgCBr : CHa, (c) (CH 3 ) 2 C : CHa. 

69. Show how you could separate the components of the following mix- 
tures without the use of distillation : 

(а) CsHiiCHO and C6Hi4, 

( б ) (CHslsCO and C 2 H 5 OH, 

(c) (C 2 Hs )20 and CHgCOCsHs. 

70. Acetic acid is only about 1 per cent ionized in a 0.1 N solution, yet a 
gram-molecule of acetic acid is capable of neutralizing as much alkali as is 
a gram-molecule of hydrochloric acid which is completely ionized under the 
same conditions. Explain. 

71. A substance with molecular weight 62 reacts with a,cetyl chloride to 
form hydrochloric acid and a liquid which on purification proves to have the 
molecular formula CeHioOi. Write the structural formula of the original 
substance. 

72. Starting with glycerine, show how /3-iodopropionic acid may be made. 

73. Starting with acetylene, outline a possible synthesis of (a) acetone, 
(6) ethyl alcohol, (c) tertiary butyl alcohol, (d) methylamine, (e) isopropyl 
alcohol. 

74. The acid number is defined as the number of milligrams of potassium 
hydroxide required to neutralize 1 g, of a substance. Calculate the acid 
number of stearic acid. 

76. One mole of an ester is shaken with one mole of water until no further 
change occurs. What products are present in the mixture thus produced? 
How would the relative amounts of each product be changed by the addi- 
tion of (a) anhydrous calcium chloride? (b) sodium hydroxide? 

76. A neutral sample of crude ethyl acetate weighing 0.50 g. was boiled 
with 30 cc. of 0.2 N alcoholic potash. For back titration 16.0 cc. of 0.1 N 
acid was required. What was the percentage of ester in the sample? 

77. How could you convert an acid into an acid chloride? an acid chloride 
into an ester? a nitro compound into an amine? an amine into an alcohol? 
an ester into an amide? 
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78 . Outline methods for distinguishing the members of the following pairs 
of compounds; do not use tests involving analyses, melting points, boiling 
points, or molecular-weight measurements : 

(tt) CH3COCH3 and CH3CH2CHO, 

{b) CH3CH2CH2OH and CHsCHOHCiU, 

(c) CHaOGHa and GHaCHsOH, 

id) RGHsCl and RCOCI, 

(eJGHsGOGaHs and C2H5OC2H.,. 

79 . A compound has the composition and molecular welglit represented 
by the formula GiHsOa. It reacts with acetyl chloride, forming a compound 
corresponding to the formula CoHioOa. It forms an addition product with 
sodium hydrogen sulfite, and it is easily oxidized to acetic acid. Write its 
structural formula. 

80 . Specify the reagents and the experimental conditions required to make 
the following conversions : 

(a) GH3NH2 to GH3OH, 

(b) GH3OH to CHaBr, 

(C) GH2=-CH2 to GH3GH2I, 

(d) GH3GH2GH2OH to CH3CHOHCH3, 

ie) GH.1 to GH3COOH, 

if) GH3COOH to GH.1, 

ig) GH3GH2I to CH2=CH2. 

ih) GH3GONH2 to CH3NH2. 

81 . Outline chemical tests that may be used to distinguish between the 
members of the following pairs of compounds : 

(c) G2H5NH2 and CH3CONH2, 

( 5 ) (C2Hr,)20 and CM5COOCM&, 

ic) (CHslaO and GH3CH2OH, 

(d) GH3GOCH3 and GH3CH2OH, 

(e) C2H5GI and CH3COCI, 

if) GH^G— G2H3 and GHsCsC— CH3. 

82 . Indicate chemical reactions that may be used to distinguish between 

(a) GH2=GH2 and GHs—GHs, 

ib) GH3--CH2OH and GHs— 0 — GH3, 

(c) GHs—GHaCN and CH3~GH2—CH2NH2, 

id) GHa— GHOH— GHs and GHs— GHs— GHO, 

(e) GHs—GHa— GHO and GHs— GO—CHa, 

(/) GH3— GH2—NH2 and CHs—NH— CHj,. V 

83 . Show how you could distinguish between the compounds 

{«) GsHs— GG-^NHa and CHs—CNOH—CHs, 

(&) G3H7--CO— GG3H7 and (C 3 H 7 C 0 ) 20 , 

(c) CII3— CHGH--C0-.~0C2H5 and CHa— CHCOCaH.G-COOH, 

id) CH3--GG— GHs and GH3--CO— OCH3. 

84 . Write an equation for the equilibrium between acetic acid, ethyl 
alcohol, water, and ethyl acetate. Write an algebraic equation expressing 
the equilibrium constant of this reaction. Define each term in the equation. 
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Predict the effect on the chemical equilibrium (a) of adding concentrated 
suifuric acid, (6) of adding potassium hydroxide. 

85. Sixty grams of acetic acid with 46g. of ethyl alcohol gave an equilib- 
rium mixture containing 58.7 g. of ethyl acetate; calculate the equilibrium 
constant. One mole of acetic acid is mixed with 3 moles of alcohol ; calculate 
the maximum yield of ester (no dehydrating agent present). 

86. Write equations for the main reactions which occur when ethyl acetate 
is mixed with concentrated ammonium hydroxide. Show how the success 
of this plan for making acetamide is dependent upon differences in the rates 
of three possible reactions. 

87. Write five possible structures for compounds having the formula 
CdHsOs. Outline chemical reactions that may be used to identify each 
compound. 

88. Outline two methods for separating ethyl alcohol and acetone without 
distilling the mixture. 

89. Acetone, acetic acid, and methyl alcohol are present in an aqueous 
solution. How would you separate the components and obtain each in a 
pure state? 

90. Beginning with acetone and any necessary reagents, show how the 
following compounds may be made: (a) (CHal.-jCOH, (h) (CHslsCCla, 
(c) (CHri):iCHOH, (d) (CIi;,) 2 C : CII 2 . 

91. "Write two possible structures for compounds having the formula 
C;iH 7 NO. Outline chemical reactions that may be used to identify each 
compound. 

92. Write ail possible structures for a compound having the formula 
CjiHsO. Describe one compound having this formula and outline an ex- 
perimental procedure that could be used to determine which structure should 
be assigned to it. 

93. Two compounds, each having the formula CsHsO, were oxidized. One 
of them was converted into C3H0O and the other yielded C.iHcOo. Neither 
of these products could be further oxidized without loss of carbon. Write 
the structural formulas of the original compounds. 

94. A compound having the formula CsHsBrsO was converted by cold 
wmter into CnH^BrOi. W^rite structm*al formulas for the two compounds. 

95. Show how acetic acid, acetic anhydride, and acetamide may be made 
from acetyl chloride. 

96. Indicate by means of balanced equations the action of propionyl 
bromide (a) on water, (6) on ammonia, (c) on ethyl alcohol, (d) on sodium 
propionate. 

97. Account for the fact that formic acid is the only member of the fatty 
acid series that acts as a reducing agent. 

98. How would you proceed to make an oi~bromo derivative of a saturated 
monobasic acid? How would you make a jS-bromo derivative of the same 
acid ? 

99. Show by means of formulas how a-hydroxy, j0-hydroxy, and y-hydroxy 
acids behave when heated. 
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100. Calculate the weight of iodine that will combine with 15 g. of 
dioleostearin. 

101. Two esters have the formula C.tHs 02 . Write their structural formu- 
las, and specify the hydrolysis products of each. 

102. If a substance were known to be either an alcohol, an aldehyde, or an 
ester, what tests would you use to identify the class to which it belongs ? 

103. With the aid of a solution of bromine in carbon tetrachloride, how 
could you distinguish linoleic acid from oleic add ? 

104. Starting with ethyl alcohol and any inorganic compounds, .show by 
means of equations how the acid of the structure (C 2 Hy) 3 CHCOOH may 
be prepared. 

105. A compound having the composition CoHi l’Ob, when boiled with a 
solution of sodium hydroxide, "was converted into ethyl alcohol and a com- 
pound of the composition C-iHrOsNa. Write the structural formula of the 
original compound. 

106. Write the structural formula of a compound which, on hydrolysis, 
gives isopropyl alcohol and normal butyric acid. 

107. A fat consists of stearin 80 per cent, palmitin 12 per cent, olein 5 per 
cent, linolein 3 per cent. Calculate its iodine number. 

108. An oil contains 4 per cent of linolein. The otlier components are 
olein, stearin, and palmitin. Its iodine value is 85. Find the per cent of 
olein in the oil. 

109. Would more or less alkali be required to saponify butter than to 
saponify an equal weight of beef tallow? Give a reason for your answer. 

110 . Outline a method by means of which ?i-primary butyl alcohol may be 
changed into w-secondary butyl alcohol. 

111. Outline a possible method for the preparation of «-propyI alcohol 
from acetic acid. 

112. Show how bromine may be substituted for the underlined atoms or 
groups in the following: (a) C2H5OH, (b) (CHsl^CO, (r) GH 3 CONHH, 

(d) (CH3)4NgH. 

113. How could ethyl alcohol be made (a) from C2H5NH2? ( 6 ) from 
C2H5CONH2? (c) from C2H3I? 

114. How could ethylamine be made (a) from G 2 H 5 OH? ( 6 ) from 
C2H5CONH2? (c) from C2H5I? 

115. The silver salt of a tribasie acid was decomposed by heat. A sample 
of salt weighing 0.511 g. left a residue of silver weighing 0.322 g. Galeulate 
the molecular weight of the acid. 

116. Write equations showing how CH 3 CH 2 CH 2 COOH may be trans- 
formed into 

(a) CHsCHaCHBrCOOH, (d) CIHCH : CH2. 

{b) CH;,CH : CH • COOH, (e) CHiiCHaGHOHCOOH, 

(c) CHaCHBrGHsCOOH, (/) CH3CH2GHCIGOCI. 

117. Devise methods for making the following compounds from ethyl 
alcohol : (a) CH3COOH, ( 6 ) CHaCHaCl, (c) (CH.'iCOoO, (d) CH 2 -CH 2 , 

(e) CHaBrCHgBr. 
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118. Write equations for reactions by wMcli substances having tbe fol- 
lowing formulas may be prepared: (a) CHaCCsHslaN, (6) (GHslsNH, 
(c) CH8C0N(G2H5)2. 

119. How would you distinguish a water solution of acetamide from a 
water solution of methylamine? 

120. Describe, with the aid of equations, a method for converting ethyl 
alcohol into n-butyl alcohol. 

121. Write the structural formulas for all monocarboxylic unsaturated 
acids having four carbon atoms. 

122. Write equations for reactions by which propionic aldehyde, G2H5GHO, 
can be converted into (a) propionic acid, (6) secondary butyl alcohol, 
(c) diethyl ketone. 

123. Write graphic formulas of all acids that can be formed by the oxida- 
tion of propylene glycol, CH;? • CHOH • CH2OH. 

124. Write two balanced equations for reactions by which isobutyrie acid 
may be prepared from isobutyl alcohol. 

125. Outline methods for making (a) a-iodopropionic acid, (t) jS-iodo- 
propionic acid. 

126. Contrast the behavior of aqueous sodium hydroxide on the following 
compounds : CH2I • CH2 • COOH and CHs • CHI • COOH. 

127. Write the structural formulas of the acids having the empirical 
formula CsHiiCOOH. Name each acid. 

128. How could you distinguish an olein soap from one made from stearin? 

129. What volume of oxygen (ealeulated at 760 mm^ pressure and 30° C.) 
is taken from the air in the conversion of 1000 g. of alcohol into acetic acid? 

130. Outline methods for making (a) formic acid from oxalic acid, (6) ox- 
alic acid from formic acid, (c) acetic acid from malonic acid, (d) malonie 
acid from acetic acid. 

131. An excess of ammonium oxalate was added to 60 ce. of a calcium 
chloride solution. The precipitated calcium oxalate was dissolved in sul- 
furic acid and titrated with potassium permanganate (3 g. of KMn04 per 
liter). If 35 cc. of the permanganate solution was used, calculate the nor- 
mality of the CaCL solution. 

132. Assuming that nitrogen, carbon dioxide, and water are the products 
of explosion of nitroglycerine, and that the excess oxygen, if any, remains 
in the form of oxygen gas, how many gram-molecules of gas would be formed 
from one gram-molecule of nitroglycerine? 

133. How many cubic centimeters of normal alkali solution will be neu- 
tralized by 2 g. of anhydrous oxalic acid? 

134. Two compounds having the formula C2H4CI2 are known. Write 
their structural formulas, and show how they may be made. 

135. Write balanced equations representing the action of the following 
reagents upon ethyl alcohol: (a) H2SO4, (6) CH3GOOH, (c) PCI3, 
(d) K 2 CT 2 O, + H2SO4. 

136. Show how fumaric acid may be converted into (a) succinic acid, 
(5) monobromosuccinic acid, (c) dibromosuecinic acid, (d) tartaric acid. 



478 THE CARBON COMPOUNDS 

137. three possibie structures for compounds having the formula 
OdIrOCL Outline chemical reactions that may be used to identify each 
compound. 

138. One gram of glucose, when added to an excess of Febling’s .solution 
and heated on a water bath, precipitated 1.2 g. of cuprous oxide. Compare 
this value with that calculated, assuming the glucose to be oxidized to 
gluconic acid. 

139. Write an equation for the esterification of butyric add by ethyl 
alcohol. Write an algebraic expression for the equilibrium constant of the 
reaction. A mixture consisting of 0.3 mole of pure ethyl alcohol and 0.1 mole 
'of pure Imtyric acid was allowed to stand until equilibrium wa.s established, 

'Pile mixture was then titrated with a base so rapidly that no ethyl butyrate 
was hydrolyzed. To neutralize the solution 150 cc. of half-normal alkali 
was required. Find the value of the equilibrium constant. 

140. With the aid of any necessary inorganic reagents, show^ by equations 
how it would be possibie to prepare (a) ethyl acetate from alcohol, ( 6 ) acetyl 
chloride from ethyl acetate, (c) formaldehyde from methyl alcohol. 

141. The ionization constant of acetic acid is i.S2 x Calculate the 
of a 0.2 iV solution of the acid. 

142. The pH of a 0.1 N solution of a certain acid is 3.1, Find the con- 
centration of hydrogen ions (moles of H+ per liter of solution) in the 0.1 A' 
solution. 

143. The dissociation constant of propionic add is 1.34 x lO'-'"’. Calculate 
the pH of a 0.15 A" solution of the acid, 

144. The dissodation constant of acetic acid is LS2 X 10 "-’. Calculate 
the per cent of acetic acid ionized in a 0.3 A^ .solutiom 

145. From acetone how would you prepare 

(0) ccHsi^ccoincooH? (d) (cihdAnnmi 

{()) CH,-, • CCl, • CII:,? (a CH, • Cl r : CH,? 

(c) CHn • CCl : CHa? (/) (ClTii.iCOH? 

146. Write equations indicating the use of malonic ester in preparing 

(a) (CHa)2CHCH2COOH, 

( 5 ) CH3CH2CH2COOH, 

(c) (GaHsXCHslCH • COOH. 

147. AVrite equations showing how the following compounds may be ob- 
tained by means of the acetoacetic ester synthesis : 

/CHs CaHrv. 

(«) GH 3 • CO • CH ( 6 ) CH • COOH 

^CH:, CoHr/ 

148. Write equations representing the preparation of isobutyric acid by 
the malonic ester synthesis and by the acetoacetic ester synthesis. 

149. Starting with 50 g. of malonic ester and going to diethylacetic* add, 
calculate the amounts of the reagents required in each step. Assume an 
80 per cent yield in each reaction. 

150. Would the monoacetyl derivative of mesotartaric acid be optically 
active ? 
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151. Assuming that Fehling’s solution oxidizes glucose to gluconic acid, 
what weight of cuprous oxide would be precipitated by the action of Fehling’s 
solution on 5 g. of glucose? 

152. Calculate the amount of acetic anhydride necessary to completely 
aeetylate 1 g. of glucose, G 6 Hi 206 - 1120 . 

153. Assume that there are only two forms of glucose, one with a specific 
rotation of 110° and the other with a specific rotation of 19°. The equilib- 
rium mixture has a specific rotation of 52.7°. In what propoi’tions are two 
components present in the equilibrium mixture? 

154. What volume of carbon dioxide measured at 30° and 750 mm. may 
be obtained from 10 g. of glucose by fermentation? 

165. Write equations for (a) the fermentation of glucose, (5) the action 
of phenylhydrazine on glucose, (c) the oxidation of glucose by Fehling’s 
solution. 

166. What volume of nitrogen measured at 80° and 740 mm. will be ob- 
tained when an excess of alkaline sodium hypobromite acts upon 3 g. of 
urea? 

157. What volume of nitrogen at 18° and 740 mm, will be obtained from 
1,4 g. of amylamine and an excess of nitrous acid? 

158. Is phosgene an acid chloride? How does it react with water, with 
ammonia, and with alcohol ? 

169. One gram of a pure monoamino acid, upon treatment with nitrous 
acid, yields 254 ce. of nitrogen, measured at standard conditions. What is 
the molecular weight of the acid? 

160. Write the formulas of the possible tetrapeptides obtainable from 
glycine, valine, leucine, and tyrosine. 

161. What volume of nitrogen at 20° and 760 mm. is liberated when an 
excess of nitrous acid acts upon 1,2 g. of urea? What volume of carbon 
dioxide is formed in the same reaction? How are the two gases separated? 
How are they estimated quantitatively ? 

162. What is the mole fraction of water in a solution containing equal 
weights of alcohol and water ? 

163. A liquid is known to be a hydrocarbon. Give qualitative tests that 
will determine whether it is a paraffin, an unsaturated aliphatic hydro- 
carbon, or an aromatic compound. 

164. Write structural formulas for all compounds having the empirical 
formula CsHio. Devise experimental methods for distinguishing and identi- 
fying them. 

165. Outline a method for preparing each of four compounds having the 
formula CtHtCI. 

166. Devise methods for making the following compounds from benzene: 
(o) ?jietodichlorobenzene, (6) ori/sonitrophenol, (c) paratoluidine. 

167. Two compounds have the formula CsHio. One of them yields two 
mononitro derivatives, the other only one. On oxidation each yields an acid 
which has the formula CsHeO^. Write structural formulas for the two 
hydrocarbons. 
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168. Indicate the action of nitrous acid on ethyiamine, C 2 H 5 NH 2 , and 
on aniline, CoHsNH'^, in hot and in cold solutions. 

169. What tests may he used to distinguish between primary, secondary, 
and tertiary amines? primary, secondary, and tertiary alcohols? alcohols 
and phenols? aliphatic and aromatic amines? 

170. What volume of nitrogen gas measured at standard conditions would 
be evolved by treatment of 1 g. of aniline with an excess of nitrous acid? 

171. Write the formulas of the chief products formed in tlie sulfonation 
of iodobenzene, methyl benzene, and nitrobenzene. 

172. The heat of combustion of benzene is 997T calories per gram. Deter- 
mine whether benzene is an endothermic or an exothermic compound. 

17S. What weight of tin is necessary to reduce 50 g. of nitrobenzene? As- 
sume that the tin is converted into stannous ions. 

174. Write the formula of the amide which would be used in the prepara- 
tion of benzylamine. Write a balanced equation representing the conversion 
of the amide to the amine. 

175. Prepare a chart of the oxidation products of aniline and the reduc- 
tion products of nitrobenzene. Specify the reagents used in making each of 
these products. 

176. Write equations representing a method for replacing a hydrogen 
atom in benzene by each of the following; (a) OH, {b) NH 2 , (c) COOH, 
id) m 2 , (e) Br, (/) C 2 H 5 . 

177. Write equations representing the reactions between phenol and the 
following reagents: (a) KOH, ( 6 ) HNO,, (e) Br;!, (fl) CHaCOCI. 

178. Calculate the quantities of hydroehlorie acid and sodium nitrite re- 
quired to convert 60 g. of aniline into phenol. What volume of nitrogen 
measured at 30° and 750 mm. will be evolved in the process? 

179. Explain the fact that phenol precipitates when a solution of sodium 
phenolate is saturated with carbon dioxide. 

180. Phenol has acidic properties and sodium phenolate is not volatile, 
but to prevent the steam distillation of phenol from aqueous solution a 
large excess of NaOH is necessary. Explain. 

181. Beginning with benzene, outline a method for synthesizing the dye 
dimethylaminoazobenzene, C<iHsN 2 G 6 H.iN(CI-Is) 2 . 

182. Beginning with o-aminobenzenesulfonic acid, methyl iodide, and any 
necessary inorganic reagents, 
having the formula 


183. Outline qualitative chemical tests to distinguish the following pairs 
of compounds (one test for each pair) ; the testa must not be based upon 
boiling points, freezing points, colors, or odors: 

(o) Phenol and aniline. (c) Butyraldehyde and acetophenone. 

(5) Ethyl iodide and ethyl alcohol, (d) Fluorescein and methyl orange. 

(e) Starch and cellulose. 


outline a method for the preparation of a dye 

SOsH , 

N(CIU)2 
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184. Complete and balance the following equations : 

(fl) CH=CH + MnOi" — C2O4 + Mn 02 
(&) CH3CHO + Mn04~ + H'*' — ^ CO2 "I* Mn'^'*' 

(c) C0H5NO2 + Fe + H+ — CbHsNHs + Fe+++ 

185. How would you obtain phenol from a mixture of phenol and hydro- 
carbons when the boiling points are such that they cannot be separated by 
fractional distillation? 

186. Devise methods for making the following compounds from benzene : 

(a) wctodibromobenzene, (6) ori/ionitrophenol, (c) poraxylene. 

187. Show by means of equations how the following compounds may be 
converted into benzene: (a) CH3C0H5, (5) CeHsCOOH, (c) Cr.HsNHa, 
(d) CfiHsCONHa, (e) G0H5NO2. 

188. How may toluene be converted into benzyl chloride? into benzyl 
alcohol? into benzoic acid? into benzene? 

189. Three different dichlorobenzoic acids, when heated with soda lime, 
yield the same diehlorobenzene. Write the structural formulas of the three 
acids. 

190. Show by means of equations the steps involved in making benzoic 
acid (a) from toluene, (6) from benzaldehyde, (c) from benzonitrile. 

191. Make plans for separating mixtures of (a) phenol and aniline, 

(b) phenol and benzene, (c) aniline and nitrobenzene, (d) phenol and benzoic 
acid. 


192. Beginning with benzene and any necessary reagents, show by bal- 
anced equations how the following compounds may be made : 


(a) CfiHsNOa, 

(b) C0H5NH2, 
(e) CcHsI, 

(d) CoHcSOaH, 

(e) CaHsOH, 


(/) CeHsCHs, 

(g) CaHsNsCcHiOH, 

(h) (CeHslaCH, 

(i) CH3CeH4NH2, 
07 CeHsCOCeHs. 


193. Indicate by equations, or in words, a method of obtaining (a) a 
ketone from a secondary alcohol, (5) an acid chloride from an acid, (c) a 
phenol from a primary aromatic amine, (d) a monosaccharide from a disac- 
charide. 


194. Tabulate the molecular structures that are susceptible to hydrolysis. 
Name compounds representing specific examples of these structural types. 
Indicate by names and formulas the hydrolysis products of the compounds 
used as specific examples. 

195. A compound has the following composition: 


Carbon ...... ....... . 40.0% 

Hydrogen .... . ..... . A . 6.6% 

Oxygen . . . . . . . . ... . • . 53.3% 


Its molecular weight is 90. It reduces Fehling’s solution and with phenyl- 
hydrazine forms an osazone. It reacts with one molecule only of hydrogen 
cyanide, forming a eyanhydrin. With acetyl chloride it yields a compound 
having the formula CtHioOc. It can be oxidized by dichromate ion to a 
monobasic acid, C 3 HBO 4 , and by nitric acid to a dibasic acid, C 3 H 4 O 5 . 
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Write, the structural formula of the compound anti write balanced equations 
representing its action upon the reagents mentioned. 

196. Write equations representing a method for replacing a hydrogen atom 
in benzene by each of the following: (a) CN, (6) Cl, (t;) COOH, (d) CH;?, 
(e) NaCcHs. 

19T. Show how the diazo reaction may be used to convert aniline into each 
of the following compounds : 

(a) C«H50H, (c) CoHgCOOH, 

(b) CoHsBr, (d) Cf.H5 • N : N • C«H.iOH. 

198, Write equations for reactions by which the following inay be pre- 
pared by means of the Friedel and Crafts reaction : 

(a) CHs • C,iH4 • CoHs, (c) CH3CO • C«H.i • Glh, 

(b) CgHoCHO, id) CH2(CbH4CH3)2. 

199. Write the structural formulas of the compounds formed by the intro- 
duction of one and of two nitro groups into (a) CoHsCijHs, (6) CeHaOH, 

(c) CeHsBr, (d) CfiHsNOo, (e) CfiHsCOOH. 

SOO. starting wdth benzene, write equations for reactions by w'hich the 
following compounds may be made: (a) C0H4CINO3 {mela), (b) CehUClNOa 
ipara), (c) CtiH-iCHyl (nw’to). 

201. Indicate the action of the Grignard reagent upon (a) a ketone, 
(b) an ester, (c) an amine, id) an alcohol, 

202. Write balanced equations for all operations involved in making 
propionic acid by means of either the malonie ester synthesis or the Grignard 
reaction, 

203. Show how the Friedel and Crafts reaction may be used in the prepa- 
ration of (a) CgHg ‘ CO • CH„ (b) Clh ' Cr.H i • C,dlf„ {«) (0,41, )2CH, 

204. Write equations for reactions by which Calb.CrfO may be converted 
into (a) Cdls ' GHOH - Calls, (b) Calls • CO ' Calb., (h) Cal rsCOOlf. 

205. Write the formulas of the possible products of the action of nitric 
acid on (a) orfftodichlorobenzene, (6) pamehlorotoiuene, (cl wctadinitro- 
benzene, 

206. How would you prepare (a) wcfanitrochlorobenzene ? (6) ethyl- 
benzene? (c) benzonitrile? 

207. Naphthionic acid is diazotized and coupled with dimethylaniline. 
Write the formula of the product. 

208. How would you prepare diphenylethyl carbinol ? 

209. Outline a synthesis of (a) ^jaranitrobenzaldehyde, (b) mefahvomcr 
benzaldehyde, (c) tolylphenyl ketone, 

210. Phenylhydrazine is made to react with an unknown compound. The 
hydrazone formed has a molecular weight of 176. What is the molecular 
weight of the unknown compound? 

211. Write the formula of the products formed when hydrocyanic acid, 
sodium bisulfite, and phenylhydrazine react with benzaldehyde. Would any 
of these products exist in syn and anii forms? 

212. Write structural formulas for six trihydroxybenzoic acids. 
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213. Show by equations how the following substances may be prepared 
by the use of diaso compounds : (a) HOC 0 H 4 C 2 H 5 (para), (h) ClCeHiCOOH 
(para), (c) CH 3 C 6 H 4 NH 2 (para). 

214. Write equations for reactions by which aromatic acids may be pre- 
pared by means of (a) the oxidation of a hydrocarbon, ( 6 ) the hydrolysis 
of a nitrile, (c) malonic ester synthesis, (d) acetoacetic ester synthesis. 

215. Indicate by means of structural formulas the reactions of triphenyl- 
methane dyes with acids and with bases. 

216. Outline a method for preparing (a) anazodye, ( 6 ) atriphenylmethane 
dye. 

217. The following neutral substances are each heated with dilute sodium 
hydroxide under a reflux condenser and the resulting solution subjected to 
steam distillation. What product would you expect to find (1) in the dis- 
tillate, ( 2 ) remaining in the distilling flask, — (a) ethyl acetate, ( 6 ) acetani- 
lide, (c) methyl acetoacetate, (d) phenyl acetate, (e) valeric anhydride? 

218. Show how malonic ester may be used in the synthesis of amino acids. 

219. Use Thiele’s theory of partial valence to explain why bromine at- 
taches to the j 8 -carbon atom when an a-jS-unsaturated acid is treated with 
hydrogen bromide. 

220. Show how the Grignard reaction may be used in the synthesis of 
(o) acids, ( 6 ) primary alcohols, (c) tertiary alcohols. 

221. Outline methods for preparing the following compounds from acetone : 
(a) CHs— C=CH, (5) (CH 3 ) 2 C(OH)C 3 H 7 , (c) (CH 3 ) 2 C(OH)COOH. 

222. Beginning with CsHsCHO and any necessary reagents, show how the 
following compounds may be made : 

(a) (CoHr,) 2 CO, (c) CcHrUHaOCIU, 

(&) CoHflCHaCHaCOOH, (d) CyHsCOOCHa. 

223. A compound of the composition C«HoBr was converted by oxidation 
into parabromobenzoic acid. Write the graphic formula of the compound. 

224. How many monosubstitution products of isoquinoline are possible? 
How many disubstitution products are possible if the substituents are alike ? 

225. An alkaloid with one atom of nitrogen in the molecule forms a 
crystalline sulfate containing one molecule of water of crystallization. Two 
grams of the sulfate on treatment with barium chloride yields 0.675 g. of 
barium sulfate. What is the molecular weight of the alkaloid? 

226. Give two examples of intramolecular rearrangement involving the 
shift of an atom or group from nitrogen to carbon. State how the transfor- 
mation is induced in each case. 

227. Define and illustrate (a) the Cannizzaro reaction, (b) benzoin conden- 
sation, (c) the Perkin synthesis, (d) the Friedel and Crafts reaction, (e) aldoi 
condensation. 

228. Outline an experimental procedure for separating and purifying the 
components of the following mixtures ; do not resort to fractional distilla- 
tion: (a) phenol and aniline, ( 6 ) ethyl iodide and ethyl alcohol, (c) benzal- 
dehyde and benzyl alcohol. 
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Cyamelide, 150 
Cyanamide, 146 
Cyanates, 146, 149 
Gyanhydrin synthesis, 161 
Cyanic acid, 149 
Cyanides, 145, 148 
Cyanoacetic acid, 82 
Cyanogen, 145 
Cyanuric acid, 149 
Cyclobutane, 38 
Gycloheptane, 36 
Cyclohexane, 35, 36 
Cyclooctane, 36 
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Cymene, 194, 195, 234, 351 
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Decane, 10 
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Diazo compounds, 271 
Diazo reaction, 224 
Diazoaminobenzene, 272 
Diazonium compounds, 225, 232,271 
Dibenzoylethylene, 289 
Dibiphenylenediphenyle thane, 268 
Dibromobenzene, 205 
Dibromo-meifaxylene, 205 
Dibromopropane, 35 
Dibromoxylene, 205 
Dibutyl ether, 64 
Diearboxylic acids, 252 
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Diehloroadenine, 323 
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Diehloroethyl sulfide, 22 
Dichlorohypoxanthine, 323 
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Diethyl ether, 62 
Diethylacetonitrile, 148 
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Dimethylethylene, 21 
Dinitrobenzene, 209 
Dioleostearin, 101 
Dioxane, 65 
Dipentene, 356, 860 
Diphenic add, 196, 208 
Diphenyl, 195 
Diphenyl ether, 241 
Diphenylamine, 221 
Diphenylearbinoi, 242 
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Dipropargyl, 187 
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Ethyl alcohol, 43, 46 
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Ethylene, 21, 26 
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29 ; benzene series, 36, 185 ; eth- 
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Hydrolysis, 365 ; of acetals, 75, 366; 
of amides, 108, 316; of anhy- 
drides, 97, 253, 416 ; of cyanides, 
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of proteins, 292, 304 
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lodoac’otie aeid, 82 

lodobonzene, 205 

Iodoform, 5S 

lonone, 352 

Irone, 353 
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Menthol, 367 
Menthone, 868 
Mercaptans, 51 
Mesitylene, 194, 195, 219 
Mesitylenie amide, 219 
Mesotartarie acid, 133, 134 
Metaproteins, 307 
Methane, 10, 12 
Methionine, 293 
Methyl alcohol, 42, 46 
Methyl bromide, 56 
Methyl chloride, 11, 56 
Methyl cyanide, 148 
Methyl iodide. 56 
Methyl nitrate, 105 
Methvl nitrite, 105 
Methyl violet, 277 
Methylal, 65 
Methylamine, 143 
Methylaniline, 221, 230 
Methylecgonine, 341 
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Methylene iodide, 57 
Methylethyl ether, 63, 64 
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Methylethylethylene, 21 
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Methylisopropyl ether, 64 
Methylphenyl hydrazine, 230 
Methylpropyl ether, 64 
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Michler’s ketone, 223, 277 
Miller, E. J., 175 
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and freezing-point measurements, 
463 ; from osmotic-pressure meas- 
urements, 465; from vapor-den- 
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configurations of, 163 
Montagnc, P. J., 442 
Morphine, 343 
Moser, A., 400 
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Mustard gas, 22 
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Naphthylaminesulfonic acids, 220 
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Nicotinic acid, 330, 332 
Nitriles, 148, 207 
Nitrobenzene, 208, 210, 261 
Nitrobcnzoic acids, 248 
Nitroglycerine, 106 
Nitronaphthalene, 200, 210, 220 
Nitrophthalic acid, 200 
Nitrosobenzene, 210, 2.14 
Nitrosodimethylaniline, 224 
Nitrosophenol, 238 
Nitrotokiene, 209 
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Novoeaine, 342 
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Nucleoproteins, 305, 307 
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Oxidation, 370; of alcohols, 41, 90, 
243, 371 ; of aldehydes, 72 , 373 ; 
of amines, 373 ; of hydrocarbons, 
28, 33, 198, 375; of ketones, 72, 
374; of oximes, 378; of phenols, 
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pounds, 29, 376 
Oximes, 74, 244, 437 
Oxyhyclroquinone, 240 
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Paraffin polyhalides, 52, 60 
Paraffin wax, 20 
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Pentaehloroethane, 60 
Pentamethylbenzene, 194 
Pentamethylene, 36 
Pentane, 10, 16 
Pentoses, 163 
Pepsin, 184 
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Peptones, 307 
Perkin, Wm. H., 284, 415 
Perkin reaction, 415 
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pH, 83 

Phenanthraquinone, 203 
Phenanthrene, 201, 203 
Phenol, 208, 233 
Phenolphthalein, 281 
Phenols, dihydrie, 236 ; monohydrie, 
231; trihydric, 239 
Phenolsulfophthalein, 249 
Phenyl salicylate, 250 
Phenylacetylene, 198 
Phenylalanine, 293, 296, 306 
Phenylbutyrie acid, 198 
Phenyichloroamine, 217 
Phenyldibiphenylchloromethane, 
266 

Phenylethyl alcohol, 243 
Phenylhydrazine, 75, 229 
Phenylhydroxylamine, 212, 2l3 
Phillips, Henry, 455 
Phloroglucinol, 240 
Phosgene, 95, 276 
Phosphoproteins, 307 
Phthaleins, 281 
Phthalic acid, 199, 200, 252 
Phthalic anhydride, 253 
Phthalimide, 248, 253 
Phthalyl chloride, 253 ^ ^ 

Picolinic acid, SSO 
Picramide, 233 
Picric acid, 233 
Picryl chloride, 233 
Pimelic acid, 121 
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Pinane, 359 
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Piperic acid, 346, 363 
Piperidine, 327, 346 
Piperine, 346, 348 
Piperonal, 346, 363 
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Polanyi, M., 455 
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Propyl chloride, 56 
Propyl iodide, 56 
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Propyl nitrite, 105 
Propylamine, 143 
Propylbenxene, 194 
Propylene, 21 
Propylethylene, 21 
Propylidene chloride, 60 
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Proteans, 307 
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hydrolysis of, 292, 304; quali- 
tative reactions of, 308 ; salts ol 
309 ; structure of, 299 
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Ptyalin, 184 
Pulegone, 357 
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Purines, 316, 821 
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Pyrimidines, 316, 324 
Pyrocatechol, 236 
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Pyrrole, 327 
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Quinine, 344, 845 
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Quinotoxine, 345 


Sabatier, P., 379 
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Salicylic acid, 260, 264 
Sallmann, T., 344 
Salol, 250 


Sandmeyer, T., 227 
Schifi’s reagent, 76 
Schlenk, W., 270 
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276,277 ^:,r: . 

Tetramethyldiahiinotriphenyimeth- 
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Tetraphenylethylene, 197, 288 
Tetraphenylmethane, 197 
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Thurber, Francis, 270 
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T. N. T.,210 
Tollen’s reagent, 74 
Toluene, 1 98, 194 
Toluenesiilfonic acid, 249 
Toluic add, 198, 252, 263 
Toluidine, 218 
Torrey, H. A., 232 
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Uiideeane, 10 
Urea, 128, 146 
Uric add, 818, 321 

Valence, 4 
Valeric acid, 82, 109 
Valeronitrile, 148 
Valine, 293, 396, 306 
Vanillin, 363 
VanSlyke, I). I)., 309 
Van’t Hoff, J. IL, 115 
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